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Streszczenie

Ogromny rozwoj w dziedzinie fizyki wysokich energii, ktérpkbnat sie w ciagu ostat-
nich okoto osiemdziesigeciu lat nie bytby mowy bez znaczacego rozwoju w dziedzinie
technik akceleratorowych i systeméw detekcji czastekjpdtazniejszym z pracujacych
obecnie akceleratorow jest Wielki Zderzacz Hadron6éw (ahgrge Hadron Collider
— LHC), znajdujacy sie w Europejskim Instytucie Baddadrowych (ang. European
Organization for Nuclear Research — CERN). Usytuowany w tupetiiugdsci 27 km
znajdujacym sie 100m pod granica szwajcarsko-frarguskat w zatazeniu pozwala
na zderzenia przeciwtiaych wiazek protonéw o energii w uktadzi&odka masy
dochodzacejdo 14T

Budowa akceleratora trwata prawie dwie dekady i pochtobftko sz&t miliardéw
frankéw szwajcarskich. Wynikiem miedzynarodowej wspafy tysiecy naukowcow
i inzynieréw z pastw cztonkowskich CERN oraz patw-obserwatoréw jest akcelerator
wraz z czterema gtéwnymi detektorami (A Toroidal LHC Appgafi— ATLAS, ALICE,
CMS i LHCb) umieszczonymi na jego obwodzie. Ze wzgledu naatust projektu,
monta akceleratora i detektoréw poprzedzity wieloletnie saéitoérych celem byto opra-
cowanie odpowiednich technologii, zaprojektowanie i pgggwanie poszczegolnych
elementéw catego systemu.

Obecnie rozwzana jest rozbudowa LHC majaca na celu dziesieciokrotigkszenie
jego swietlndsci. Projekt nazwany LHC Wysoki&wietindsci (ang. High Luminosity
LHC) datby maliwost zbadania obszaréw fizyki bedacych poza zasiegiem @bdecn
dziatajacej maszyny. Szacuje sipe zwiekszenieswietindsci LHC zwiekszy jego
potencjat badawczy o okoto 20% — 30% w zakresie hadad cigkimi obiektami.
Pozwoli takze na bardziej precyzyjne wyznaczenie parametréow Modelodgirdowego,
jak rowniez doktadna weryfikacje potencjalnych, nowych odkmyokonanych dzigki
LHC.

1Energia osiagana obecnie przez LHC jest o potovzgzi od zakladanej na poczatku projektu i wynosi
7TeV w ukfadzieSrodka masy. LHC daje rowriemazliwoSC przyspieszania caich jonéw, miedzy
innymi otowiu 208piP2+
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Niezwykle wana cz&cia obecnego, jak rowriezmodernizowanego eksperymentu
ATLAS jest detektor wewnetrzny (ang. Inner Detector — IRjgrego cz&c stanowi
krzemowy detektosladowy (ang. Semiconductor Tracker — SCT). W zwiazku z pro-
gramem podwyszeniadwietindsci LHC detektor wewnetrzny bedzie wymagat wymiany
za okoto 10 lat. Przyszty detektor bedzie sktadat sie ve3zitz sensorow krzemowych,
pikselowych i paskowych.

Jednym z wielu wyzwa stojacych przed irynierami pracujacymi nad stworzeniem
nowego SCT jest budowa systemu dystrybucji mocy dla eleltradczytu. W tym
miejscu naley zauwayc, ze aby zapewii poprawne dziatanie detektora wewnetrznego
w warunkach podwgszonejswietingci, konieczne jest dziesigciokrotne zwigkszenie
liczby kanatdbw odczytowych. Ma to przede wszystkim zagwtwae lepsza prze-
strzenna zdolr&E rozdzielcza, a co za tym idzie, pozwbihia doktadniejsza identyfikacje
toréw czastek produkowanych w wyniku zdemzeKonsekwencja takiego stanu rzeczy
bedzie zwigkszone zapotrzebowanie na moc dostarcandatektora.

Istnieje jednak szereg ograni¢gektére przy budowie systemu zasilania elektroniki
w przysztym detektorze, narzucaja koniec@mmastosowania nieco bardziej niekonwen-
cjonalnych metod ima to miejsce w obecnie dziatajacym SCT. Przede wszysi&id
kabli dostarczajacych moc do obecnego detektora§ete ograniczona i nie nze
byc zwiekszona, gdy jest "zaszyta” wewnatrz kriostatu oraz kalorymetrowstédacja
nowych kabli prowadzitaby do zwigekszenia masy detektocapznaczatoby degradacje
jego parametréw zwiazanych gkedzeniem torow czastek.

Obecnie rozwza sie dwa odmienne podeja do realizacji systemu dystrybucji mocy
w przysztym detektorze SCT. Sa to system szeregowego misitaodutéw detektora
przy wyciu zewnetrznego zrodta pradowego oraz réwnolegiladie modutéw przy
pomocy wysokiego napiecia, zaktadajace dwustopnioaanersje mocy na poziomie
pojedynczych modutdw i uktadéw scalonych z elektronikgzydu.

Obydwie przedstawione powgj opcje zaktadaja aycie przetwornikéw (konwer-
teréw) mocy DC-DC, pracujacych w oparciu o przetaczane rpojsci. System
szeregowego zasilania modutéw detektora wymaga dodatkastmsowania liniowego
regulatora napiecia w celu dostosowania waetdjakosci napiecia zasilania do wymaga
analogowej elektroniki odczytu.

Rozdziat pierwszy niniejszej pracy zawiera specyfikacgppnowanych systemoéw
dystrybucji mocy, jak réwnie opis obecnego detektora ATLAS i plany dotyczace jego
modyfikacji w przyszi8ci, zwiazane z programem podrszaniaswietindsci akcele-
ratora LHC. Natomiast gtbwna c&g pracy stanowi opis wspomnianych, kluczowych
elementow systemow dystrybucji mocy, proponowanych diygmtego detektora SCT,
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czyli konwerteréw mocy oraz liniowych regulatoréw napaec

Wraz ze wzrostenswietindsci akceleratora, znacznie zwigkszy sie dawka promie-
niowania w obszarze detektora wewnetrznego, co narzudatklmve wymaganie dla
elektronike — odporra& na radiacje. Aby sprostatemu wymaganiu konieczne jest
wykonanie testow radiacyjnych, ktére pozwola pazograniczenia technologii i oceni
jej przydatn&t w realizowanym projekcie.

Obecnie zaklada sigze technologia IBM CMOS 130nm jest najpa@miejszym
kandydatem do zastosowania w projekcie nowej elektrondgézgtu dla SCT. Na
pewnym etapie prac nad detektorem, rozamo réwnig uzycie nowszej technologii
IBM CMOS 90nm. Rozdziat drugi zawiera opis struktur testowyelgtych do testéw
radiacyjnych wraz z uzyskanymi rezultatami. W celu schingizowania danego procesu
technologicznego badano ewolucje podstawowych parameiranzystorow (napiecie
progowe, transkonduktancja, prad uptywu, rezystancjaczenia, itd.) w funkcji
catkowitej dawki promieniowania. Wyniki otrzymane z test@bydwu technologii
zostaty poréwnane, a 8wiadczenie zdobyte podczas analizy danych otrzymanych
z naswietlah struktur testowych wykonanych w technologii 130 nm zasteykorzystane
podczas projektowania uktadow elektronicznych opisanydalszej czeci rozprawy.

W pracy opisane zostaly dwie architektury konwerteréw mopgrtych na przela-
czanych pojemr&ciach. Przetworniki te nama scharakteryzoWaprzy pomocy tzw.
wspotczynnika konwersji, ktéry definiuje sie jako stoskimeapiecia wy$ciowego do
napiecia weciowego. Pierwszym z omawianych uktadéw jest pompa taowakze
wspotczynnikiem konwersji rownym 2. Pozwala ona uzysk®piecie dwukrotnie
wyzsze od napigecia zasilania. Drugi konwerter, o wspétciignkonwersjil/z, daje ma-
liwo&t dwukrotnego obmienia napiecia wégiowego. Oba omawiane prototypy uktadéw,
umieszczone na prototypowym uktadzie scalonym DCDCO013agogaprojektowane
I wykonane w technologii CMOS 130nm. Podczas fazy projeki@zezegdlny nacisk
potozony zostat na optymalizacje konwerteréw w celu uzyskadiajak najwyzszej
sprawn&ci energetycznej. Omawiane konwertery planuje sie wgatzici zintegrowa
na uktadzie scalonym ABCN-13 z elektronika odczytu. Rozdzidci niniejszej pracy
doktorskiej zawiera opis zastosowanych architektur, wiysymulacji komputerowych
i testoéw prototypowych uktaddw scalonych oraz rezultasgder radiacyjnych.

W ostatniej czgci pracy przedstawione zostaty dwa projekty liniowychutatpréw
napiecia: klasyczny, oparty na tranzystorze polowym zakam typun oraz tzw.
liniowy regulator napigecia typu Low-Dropout, oparty narizystorze z kanatem typu
Prototypy obu regulatorow zostaty wykonane jako uktad @aVREGO013 i podobnie
jak omawiane wczniej konwertery mocy, zostalty zaimplementowane w teabgiol
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IBM CMOS 130nm. Zadaniem regulatora napiecia w tej architedd jest poprawienie

jakosci napiecia zasilania cgel analogowej chipu ABCN-13 poprzez filtracje tefnie
pochodzacych z tadowania i roztadowywania pojesuiavyjsciowej pompy tadunkowe;j.

W pracy przedstawiono opis architektur zastosowanych proyektowaniu stabiliza-

toréw napiecia z uwzglednieniem zastosowanych wzmaewgidtedu. Szczegotowo

oméwione zostaty réwnewyniki symulacji komputerowych, pomiaréw prototypowych
uktadéw oraz wyniki otrzymane podczas testéw radiacyjnych
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Introduction

Since the ancient times philosophers and scientists haretbgng to develop a complete
theory that could give the answer to the fundamental questabout the origin of

the Universe and structure of matter. Although such a usaletheory still remains

unreachable, there are models that give us a general owes¥igne world that surrounds
us. One of these theories is the Standard Maddell(SM) devélapearly 1970s by

Steven Weinberg, Sheldon Glashow and Abdus Salam. It ssfcdlgsexplains the results
obtained from High Energy Physids (HEP) experiments arm@isdicts a wide spectrum
of physics phenomena. Over the last forty years this mattieahanodel describing

fundamental particles and their interactions has becomella®sted physics theory.

Although the.SM presents a very condense and compact deéserigf matter and
interactions is also has limitations, mainly the gravdaél interaction, massless neutrinos
and spontaneous breaking of electroweak symmetry (a $&dddlggs mechanism). In
order to investigate this phenomena physicists use polmfticle accelerators equipped
with sensitive and precise detector systems. Currentlyimbst powerful accelerator is
the Large Hadron Collider (LHIC) located at European Orgaitindbr Nuclear Research
[CERN, the world’s largest particle physics laboratory.

The protons or heavy ions accelerated inthe LHC collidelmsiie large experiments
(ATLAS] [ALICE] and[LHCD), equipped with sophisticated kimg systems and
calorimeters. Although the LHC and the experiments locaiadits perimeter are
currently operating and collecting data from these calfisi physicists and engineers are
considering an upgrade that will allow better use of the e given by the accelerator.

In case of thel ATLAS experiment the upgrade scenario assuaneggnificant
intervention in thé ATLAS Semiconductor Tracker (SCT). Hoese taking into account
the complexity of the detector, its upgrade must be precdgedumerous Research
and Development (R&D) projects and all possible scenariost e investigated. The
tracker is an essential part of the entire detector and & bé#ne experiment, and its
upgrade is essential for future performance of(the ATl ARdetr. The increase in the
number of the readout channels will require more power, wihias to be delivered to



2 Introduction

the front-end electronics using the existing cable inftagre. Thus, new solutions for
the powering scheme must be elaborated. Currently, two lpesapproaches, a serial
powering and a parallel powering scheme using the DC-DC ¢siore technique, are
under development.

The main objective of this thesis is to develop the prototgesigns of the radiation
tolerant building blocks, which in the future will be implemted in the power distribution
systems proposed for the upgraded ATIIAS $CT. The dissentptiesents four designs,
namely a switched capacitor DC-DC step-up converter and fiferent architectures
of linear voltage regulators, planned to be used in the Ispowering scheme, and
a switched capacitor DC-DC step-down converter, foresedmetanplemented in the
parallel powering scheme. All the circuits listed above ev@esigned and manufactured
in the[IBM 130 nmi CMOS$ proce@s

However, before the design phase starts, it is importantvestigate the radiation
tolerance of the technology itself. This will obviously peio avoid any unexpected
behaviour of the electronic circuits installed the futuetatttor. One should keep in mind
that thel SCT front-end electronics will have to operate closthe interaction point, in
a very high radiation field.

Thus, Chapter 2 describes the irradiation tests performediamticated CMOIS
structures fabricated in the IBM 130 nm technology node, tlenncandidate for the
electronics upgrade in the SCT and the IBM 90 nm process, camesldo be a backup
option. During the tests the radiation induced evolutiorthaf basid MOS transistor
parameters (threshold voltage, leakage current, etc.péas monitored. The final TID
reached in the experiment varies between 50 Mrad and 200, Maidh corresponds to
the expected TID value after the High Luminosity Upgradeéhiel $CT region.

The development of the new powering scheme is a crucial stépel SCT upgrade
process and it requires a design of radiation tolerant imgjldlocks, which will be
implemented into the future front-end chip. In both casesiasand parallel powering
scheme, switched capacitor DC-DC converters are plannee tosbd. In the serial
powering scheme the clean supply voltage for the analogue-&nd electronics must be
produced from the lower voltage provided by the shunt va@tagulator. This can be done
using a switched capacitor DC-DC step-up converter. In thersd scheme, the supply
voltage for the digital part of the read-out chip will be puoed from a higher voltage
by the switched capacitor DC-DC step-down converter. Thegdeof these converters
are driven by the power efficiency, thus the design must beegied by analysis of the

LComplementary Metal-Oxide Semiconducfor (CMOS) 8RF isoe@ss with 130 nm lithography node,
providing 8 metal levels and characterised for operatidro#t supply voltages,.2V and 15V



power losses occurring in the switching MIOS transistors hRlgisigns are characterised
by high power efficiency obtained for the required valueshaf lboad currents. They
have been implemented in the DCDCO013 chip, fabricated in 13CM®S technology.
Chapter 3 contains the design considerations, performartaradiation test results of
these two circuits.

In the serial powering scheme, the output voltage from thiched capacitor DC-DC
step-up converter has to be lowered in order to meet the fggaimn for the analogue
front-end electronics. The quality of this voltage is pdzecause of the voltage ripple
occurring due to the capacitor charging and dischargingrdfore, the step-up converter
must be followed by a linear voltage regulator. The authahis thesis was responsible
for the development of two prototypes of linear voltage fagus, which have been
implemented on the VREGO013 chip and manufactured in the sachastlogy node as the
DC-DC converters. Two different architectures have beeestigated and are presented
in Chapter 4, a classical design based anchannel transistor as a pass element and an
Low Drop-Out (LDQ) voltage regulator architecture emphayia p-channel device. The
architectures of the prototypes, together with the pre-most-irradiation test results are
presented and discussed.



Introduction




Chapter 1

Present and future High Energy Physics
experiments at the LHC

1.1 Large Hadron Collider

The concept of a modern particle accelerator design waspiesin the mid-forties of the

last century by a Russian experimental physicist, Vladimieksler. His innovative ideas
led finally to the development of a synchrotron. Within th&treexty years great progress
in the field of accelerator technology has been made. Thidtegksin the development of
several new accelerator facilities around the world, eagge Electron Positron Collider
(CEP) (a lepton-lepton collider, operating from 1989 to @pat CERN, Hadron-Electron

Ring Accelerator (HERA) (a lepton-hadron collider, 1992 —208/DESY and Tevatron

(a hadron-hadron collider, 1983 — 2011) at Fermilab.

The great discoveries in the field[of HEP made during the lasetdacades, thanks
to those machines (the discovery of thend thew bosons at LEP and the observation
of the bottom quark at the Tevatron), led scientists to maiaheer step on the way to
recognising the nature of matter. This step was finally mad®84, when it was decided
that thé LHC would replade LEP. In December 1994, a new prptoton collider project
was officially approved by the CERN Council. Simultaneouslynewus research and
development (R&D) programmes, aiming at the developmergafriology allowing for
the construction of the accelerator and the detectors, started. Finally, on the Dof
September 2008, after many years of construction and cosioniag, the first beam was
successfully circulated in the LHC. Unfortunately, a few slégter an accident shut the
collider down for over a year. The LHC was restarted in Noven#09 and low-energy
beams were injected and circulated in the beam pipes forridifne since the accident
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occurred. On the 30 of March 2010, first collisions of proton beams at the enerfjy o
7TeV in the centre-of-mass took place. Since that timé th€ltds been successfully
operating with gradually increasing luminosity.

The Large Hadron Collider sits in a 27 km tunnel, formerly uasahe facility for
Large Electron Positron Collider. The LHC was designed ttdmtwo opposing beams
of protons of the nominal energy 14TeV in the centre-of-masfully stripped lead
ions, 298PP%+ | of energy 276 TeV per nucleon (the total energy in the centre-of-mass of
1.15PeV). A nominal beam of protons consists of 2,808 bunché&ach bunch consists
of 1.15- 16 protons. The total energy of one circulating beam is aroGaN\J [1].

To keep the high energy beams on their track, 1,232 dipolersopducting magnets,
are used. At the nominal beam energy the bending magnetsicioig superconducting
coils, made of low-loss NbTi cable, can produce vertical nedig field of 833 T at
a current of 1185kA. During operation, the magnets must be constantly letpt
a temperature of .9 K; superfluid helium is used as the coolant [2]. To keep tharise
focused and their trajectories stable, 392 supercondugiradrupole magnets are used.
The overall magnet system is complex and contains many ogpes of magnets, e.g.
insertion magnets or corrector magnets (sextupole andpdé®a mounted at the two
ends of main dipoles to assure the quality of the magnetit [f83! It is worth noting that
in order to achieve the energies foreseen for the LHC beariée wsing conventional
magnets, the tunnel would have been 120 km long.

Beam acceleration is a complicated and multi-stage proce$he proton and
heavy-ions, injected to tHe LHC, must have initial energied%0 GeV and 3® TeV,
respectively[[1]. This can be done thanks to the injectioairtid], used previously for
the[LEP and upgraded afterwards to meet strict requirenwdritee[LHG machine, like
many high intensity proton bunches with small transverskvaell defined longitudinal
emittances. The injection chain used for the proton-pratoifisions consists of four
stages: Linac-2, Proton Synchrotron Booster (PSB), Protort8gtron [([PS) and Super
Proton Synchrotron (SPS)/[5].

 Linac-2 produces a 180 mA proton beam with an energy of 50 Ntewh a duo-
plasmatron source and supplies the PSB. Linac-2 consisis €j tadio-
Frequency Quadrupole, a linear accelerator structuredervielocity ions) and
three Alvarez tanks operating at 200 MHz [6].

« [PSB improves the proton beam, accelerated up to a kinetiggrof 14 GeV. It
consists of four vertically stacked synchrotron rings ofrblh diameter. The four
beams from the PSB are combined into one and sent, dependihg oeed, to the



1.1 Large Hadron Collider 7

Proton Synchrotron or to the ISOLEaciIity.

» [PS is 628 m in circumference, consists of 277 conventiolegt®magnets. The
[PS allows proton beam acceleration up to 26 GeV. Using thioR1®ynchrotron,
it is also possible to accelerate electrons, heavy-iorai(lsulphur, oxygen) and
antiparticles (antiprotons and positrons).

* [SPS is ®km in circumference and operates up to 450 GeV. SPSinsnta
1,317 conventional electromagnets, 744 of which are dfpaded to bend the beams
around the ring. It is mainly used as the final injector for [l¢C| however it
also provides beams for the Common Muon and Proton ApparatuStfucture
and Spectroscopy (COMPAES) experiment and the CERN Neutorn®san Sasso
(CNGS) project.

These elements of the acceleration chain have been woremmgdny years before the
concept of the LHC, thus all of them need to be upgraded to rhesdttict requirements
imposed by the LHC specification, i.e. production of bunahigls 25 ns spacing, increase
of the beam energy and intensity while maintaining stabdgh liensity bunches during
the process of acceleration.

The[LHQ scientific programme also foresees Pb-Pb collisidhe ion injector chain
is different from the proton chain described above, and istsf following elements:
Linac-3,[LEIR, [PS] SPS, which supplies the DHC with 592 buscheach of 7-10
lead ions[[7]. The elements of the proton and heavy-ion acagbn chain are shown
in Fig.[1.1.

1.1.1 The LHC experiments

The proton beams intersect in four points located ofn the|LIHG: in these places, called
Interaction Points[{IPs), the four mdin LHC experiments pleced. The two biggest
ones| ATLAS and CMS, are general-purpose detectors aimimngyrat searching for the

Higgs boson, supersymmetry and exotic particles. Two nizid-experiment$, ALICE and
[LHCDB, aim to study phenomena related to ion collisions Baghysics, respectively.

* ATLAS (A Toroidal LHC Apparat®) is a general-purpose detector, the largest
among all thé LHC experiments. The detector will be desdribemore detail in
Sectiori 1.2.

10n-Line Isotope Mass Spectrometer, also know as ISOLDEdRatlve lon Beam Facility is dedicated
to producing radioactive nuclei and also to study of theiparties.
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Figure 1.1: The LHC acceleration complex (reproduced frorm [8]).

¢ CMS (CompactMuon Solenoid) is the second biggést LHC experiment.§h
long, 15m in overall diameter and weighs,520t). Similarly to[ATLAS, it is
a general-purpose experiment, which covers a wide spedfliHC| physics. The
main objective is to observe the Higgs boson, but the exmarinalso aims to
search for supersymmetric particles, dark matter, sthegty and extra dimensions.
The[CMS detector is built out of several layers. The inner partsisting of the
silicon tracker, the electromagnetic and hadronic caletars is surrounded by the
superconducting solenoid magnet generating magneticdfedd’. The outermost
layer comprises the iron return yoke interspersed with tbemthambers [9].

 LHCb (LargeHadronCollider beauty experiment) is a single-arm spectrometer
which stretches 19 m along the beam pipe. The detector is designed to exploit
B- andB-mesons produced with a boost relative to the laboratosreete frame.
This boost combined with high-precision vertex recongtomcpermits the study of
asymmetries betwedh andB. The nominal luminosity for the LHCb experiment
should be kept at the level of 2 -3@m~2s~1, which however does not exclude the
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increase of the nominal luminosity in the rest of InteractiRoints [10].

* ALICE (A Largelon Collider Experiment) is the last of the main LHC experi-
ments. Thé ALICE experiment was designed and optimised tiydtie physics
of strongly interacting matter at extreme energy densiti@gsark-Gluon Plasma
(QGR). The studies will be performed during collisions @fdeons with centre-of-
mass energy of.5 TeV per nucleon pair. The detector aims to study the proggert
of hot[QGP, its dynamical evolution, the phenomena relaietié phase transition
of so-called rehadronisation and the evolution of the haidrbnal state([11].

Apart from the four maii_LHC experiments described aboveethare three much
smaller experiments located close to the interactionstpoiramely TOTEM|, LHGf and
They are run by much smaller collaborations, bubaisake a significant
contribution to the exploration of thhe LHC scientific prognae.

1.1.2 New physics at the Large Hadron Collider

The Standard Model of particle physics is a theory develapeshrly 1970s by Steven
Weinberg, Sheldon Glashow and Abdus Salam. It successéxipjains the results
obtained from many High Energy Physics experiments and edso predict a wide
spectrum of physics phenomena. Over the last forty years,ntlathematical model
describing fundamental particles and their interacticas lecome a well-tested physics
theory. The Standard Model assumes the Universe is madedroeny limited number
of structureless particles [12], 6 leptons (carrying a ywratectric chargeg) and 6
quarks (carrying fractional charges ¢2/3|e| and —1/3|e[). The model also includes
fundamental interactions (or fields), described by the argle of characteristic bosons:
strong, electromagnetic and weak.

Although the Standard Model presents a very condense angamirdescription of
matter, it has some weaknesses| [13] and thus it cannot bédeoed as a final theory.
The main weaknesses of the Standard Model are listed below:

1. The model does not explain some of the particle quantunbews{electric charge,
weak isospin, hypercharge and colour).

2. It contains 19 arbitrary parameters (including threeepehdent gauge couplings
and a possible CP-violating strong-interaction parameter,quark and three
charged-lepton masses, three generalised Cabibbo weakgnairgles and the CP-
violating Kobayashi-Maskawa phase and finally, two indejeen masses for weak
bosons).
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3. An additional 9 parameters must be incorporated into théehin order to explain
the neutrino oscillations (three neutrino masses, thr@lemeing angles, and three
CP-violating phases) and more parameters will have to beddddgenerate masses
for all neutrinos. One should note the Standard Model assuha the neutrinos
are massless.

4. The Standard Model does not incorporate gravitatiotatactions and all attempts
for their inclusion in the model have failed so far.

The excellent parameters (collision energy, luminositg,)e of the Large Hadron
Collider, together with very accurate detection systemsauae a very broad physics
programme and allow us to reach an energy spectrum not blaitefore either at
Tevatron of LEP.

The primary goal of thé LHIC project is to investigate the dparous symmetry
breaking, which is essential for testing the Standard Modéilis theory postulates the
existence of a scalar boson (Higgs boson) which has not besered yet. Another
important goal is to detect superparticles, which will miéitely lead to the discovery
of Supersymmetryl (SUSY). Many other research areas willngestigated within the
[LHC]| scientific programme, namely the search for new physggbd the Standard
Model and the Minimal Supersymmetric Standard Mol\B}physics, heavy-
ion physics, top quark physi¢s, QCD and electroweak intenast The cross-sections and
expected event rates for some of the Standard Model pragdsggys boson production
and supersymmetry are shown in Fig.]1.2.

Search for the Standard Model Higgs boson

The search for spontaneous symmetry breaking in the eleetlosector of the Standard
Model is the primary objective of tHe LHC project. The theorfythe Standard Model
assumes that elementary particles mediating weak intera¢tV boson andZ bosons,
are massless. However, in 1983, two High Energy Physicsrempets, UAL and UA2,
running on the Super Proton Synchrotroh at CERN, reportedisicevkry of theV andZ
bosons. Their masses were measured to be aroudds8¥ and 912 GeV, respectively
for W andZ. The discovery led to the Nobel Prize being awarded to CarldoRuénd
Simon van der Meer, and it also became a major deviation ftantheory. In order to
overcome this problem, spontaneous symmetry breaking ic@abvith so-called Higgs

IMSSM is a minimal extension to the Standard Model proposd®81. It realises the supersymmetry,
assumes that each particle fromthelSM has its heavy supeepée.g. squarks, gluinos, sleptons).
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Figure 1.2: Cross-section and event rates for various processes inrprot
(anti)proton collisions as a function of the centre-of-mesergy/s, at design
luminosity of Tevatron{/s= 1.96 TeV) and LHC (/s= 14 TeV) [14].

mechanism was postulated. This theory requires the existeha massive elementary
particle, Higgs boson, which explains the inconsistentiesveen theoretical model
and the experimental data. The Higgs boson would explaidifference between the
massless photons, which mediate electromagnetic intenacand heavW andZ bosons
mediating the weak forces.

Some of the energy regimes however have been excluded by hétPesvatron with
a 95% confidence levdl. LEP excluded mass below 114 GeV. Thmilaé experiments
excluded the masses range between 158 GeV and 175 GeV.[IMtB¢He search for the
Higgs boson will be made in the range from 110 GeV to 600 GeV.

The main Higgs boson production mechanism at the energidiable at the LHC will
occur mainly by gluon-gluon fusiofgg — H) or Vector Boson Fusiorn (VBF) process
(g9 — ggH). The processes like weak vector bosdng — W/ZH) or associated
production with top quark pairégg, qq — ttH) are characterised with much smaller
cross-sections compared to the first ones [15]. The maircisedrannels of the Higgs
boson decays are as follows [16]:
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H — yy is a good candidate for the search of Higgs boson in low magsmne
namely 114 GeV (just above the LEP limit) up to around 34150 GeV;

* H— ZZ* — 4/ represents so-called "golden" channéZ* decay into 4 muons, 4
electrons or 2 muons and 2 electrons. This channel is expéxtgearch for quite
a wide range of Higgs boson mass, between 120 GeV and 600 GeV;

* H — 1T in[VBE events seems to be one of the most important channelsiah the
Higgs bosons are radiated out ByrW bosons exchanged between the interacting
particles. The final states in the channel & /h andhh;

« H —WW:" is an important channel for the search of the Higgs mass ragigeeen
125GeV and 190GeV. There are two different final states tak@naccount for
this channelZ/vv and/vjj (4vqo);

*H— bEdecay does not allow the observation of Higgs bosons, due/¢oyahigh
background. However the observation is possible in aswatigrocessgg, qq —
ttH. The analysis of this case is difficult due to complex finatestavhich is as
follows: ttH — ¢vggfbbbb.

Prospects for supersymmetry within the MSSM

is an extension of the Standard Model in order to soleehilerarchy problem.
It assumes that for high energies (around 1TeV) there shoelld symmetry between
fermions and bosons, i.e. every particle would have a heapgrpartner. The symmetry
is not exact, otherwide SUSY particles would have mass kxtet same as the original
particles. The most commonly used supersymetric modeéisinimal Supersymmetric
Standard Model. The list of particles and sparticles pastal by thé MSSM theory is
presented in Table 1.1.

An interesting thing is that tHe MSSM assumes the existehfigeoHiggs particles,
scalar particled® andH®, pseudoscalak® and two charged scalar particlds” andH .

The [ATLAS and[CM$ experiments should be able to detect theasiges of
superparticles like squarks or gluinos, if their massesratiee range of few TeV (up to
around 25 TeV). Some scenariosfof SUSY particle production in preaoston collisions
and their decays in the detectors have been simulated andasely investigated. As
a result from these studies, the selection of the requirésifoul[SUSY events has been
done. High transverse-momentym jets, together with large missing enerﬁ?‘iss, the
production of a certain number of electror® and/or muons|{ and decays of tau
particles t) or b-quarks|[17] may indicate evidence for the spatrticles.
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Table 1.1: Particles and their superpartner§ in MSSM/[12].

Particle Spin Sparticle Spin
quarkq /2 squarkq” 0
lepton? 12 slepton? 0
photony 1 photinoy 1/2
gluonG 1 gluinoG 1/
W+ 1 wino W+ 1/2
Z0 1 zinoZ° 1/

Heavy-ion physics

An extensive heavy-ion scientific programme is planned Foee of the main LHC
experiments[_ALICE[ ATLAS and CMS, but only the ALICE experirhés strictly
dedicated to heavy-ion measurements. The nominal energheincentre of mass
foreseen for a Pb-Pb collision is82 TeV per nucleon pair. This makes the LHC the
highest energy heavy-ion collider in the world, almost 28&$ more powerful than the
Relativistic Heavy lon Collider (RHIC) located in the Brookhavdational Laboratory.
This gigantic research potential offered by the IHC machiilé be used for studies
of Quantum Chromodynamick (QCD), a fundamental theory of tteng interactions.
The[LHQ programme includes studies for new phase of mateR @roduced in heavy-
ion collisions, where huge energy density allows the tteorsitowards partonic matter
(the quarks and gluons are no longer confined within hardohsg heavy-ion physics
programme also incorporates studies on elliptic flow phesramn, jet quenching and the
structure of the nucleus and nucleon.

New physics beyond the SM and MSSM

Studies concerning the search for extra dimensions, additigauge bosons, heavy
neutrinos, sgoldstinos, scalar leptoquafRgarity violation and additional Higgs bosons
with large Yukawa coupling constants are also planned diti{& experiments [18]. The
probability of making a discovery in any of these exotic feekkems to be rather small,
however if one is made, it will have a huge impact on our undeding of nature and
will require modifying the laws of physics as we know themaypd
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1.2 [ATLAS|experiment

The[ATLAS experiment must fulfil the following requiremer{ts9] [20], in order to
realise its scientific programme:

» very good electromagnetic calorimetry is necessary fer ittentification and
measurement of photons and electrons, also good hadrdoitnoetry is needed
for precise measurements of jets and missing transversgw(ﬁé}"sﬁ, especially
important fof SUSY patrticles searches,

e good muon identification and momentum measurement overde wange of
momenta,

« efficient tracking and high momentum resolution of chargadicles in the Inner
Detector, essential for-leptons andb-jet tagging and also for good secondary
vertex reconstruction,

* large acceptance in pseudorapilai(n) with almost full azimuthal angle coverage,

« efficient triggering and measurements of low transverseaentum particles with
good background rejection to enable reasonable triggexr f@t the physics
processed being in tfhe LHC region of interest,

« fast, radiation-hard electronics and sensor elementsgh granularity detector
systems are needed due to harsh environmental condititing BHC.

1.2.1 The overview of the ATLAS detector systems

The[ATLAS detector is located inJP 1, almost 100m undernga¢hground level in

a 35x 55x 40m? cavern. The detector itself is 44m long and 25m in diameteér. |
weighs 7000tons and contains over@0km of cables. This placés ATLAS among
the biggest detectors ever used in HEP experiments. Thalbleyout of[ATLAS is
shown in the Figl_113. In the detector layout, one can disistythree major sections:
the Inner Detectoi (ID), mainly responsible for chargedipkes momenta measurements
(described in sectidn 1.2.2); the calorimetry system, nnéag the energy carried by the
particles and finally, muon spectrometer which identified measures the muons.

3Pseudorapidity is defined @s= —In[tan(8/2)], where® is the relative angle to the z[LHC| beam
axis.
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In order to allow precise momentum measurements of the elgagicles in the Inner
Detector and the muon spectrometer, the presence of theetradield is absolutely
required. Thus, the_ATLAS experiment is equipped with thegne system, which
consists of the central solenoid, barrel toroid and two eayaltoroids.

There are also three subsystems, not visible in the presdayeut, the trigger
system, the data acquisition system and the computingreysiehey are responsible
for processing the data collected during proton and ionsioiis.

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Figure 1.3: The overall view of the ATLAS detector (reproduced fram|[21]

Calorimeter

In order to allow full reconstruction of the collision eveapart from excellent tracking
and particle identification abilities, ATLAS must have pibdiy to make precise energy
measurements. These measurements are made in a calgran®oek of matter in which
the particles are fully absorbed due to their interactiothulie medium. The result of
that is a shower of secondary lower-energy particles. Thposleed energy is finally
transformed into charge, light or heat and detected by ttiecaglement([22].

[ATLAS]has two calorimeters, electromagnetic and hadramiich cover a very wide
range in pseudorapidityn| < 4.9. Different detection techniques are used and also
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the granularity of the calorimeters is different dependiamgthe physics process being
investigated. High detector granularity in the centralt dlows precise measurements
of photons and electrons, lower granularity in the othetspaf detector is sufficient
for jet reconstruction an&MsS measurements. Also, the thickness of the detector must
be sufficient to fully absorb the energy of the particle. Hgnthe electromagnetic
calorimeter was designed to have a thickness of more thamdation lengths. The
electromagnetic calorimeter is a lead and liquid argon jldftector, where lead acts as
an absorber and liquid argon, the sensing element. The hiadralorimeter has a much
more complex design using different materials as absor(s¢éegel, copper or tungsten)
and as sensing elements (liquid argon or plastic scirdi)d23].

Muon Spectrometer

Muons are elementary particles, 207 times heavier tharirefex; and due to that fact
they do not emit as much bremsstrahlung radiation. Thus,nswed a given energy
penetrate matter far more deeply than electrons, becaegedth not interact via the
strong interaction with nuclei in the medium and their decation occurs mainly due
to the energy lost by the bremsstrahlung mechanism.

The muon spectrometer was designed to allow momentum nezasuats over a very
wide range of transverse momentumyr), pseudorapidity and azimuthal angle. The
detector was designed in a way allowing muon identificatiprtaupr = 3GeV/c and
guarantees the momentum measurement up to values limitéaiyHC.

The muon tracker is built around air core toroid magnets agdrased in three barrels,
concentric with respect to the beam pipe, and two end-cagggethier they provide a large
coverage in pseudorapidity)| < 2.7. The muon spectrometer consists of four different
types of gaseous detectors: Monitored Drift Tudes (MDTs)th@a@e Strip Chambers
(CSGCs), Resistive Plate Chambers (RPCs) and Thin Gas Charhbers$ (JZ2Cs)he
first two types are used for high precision muon tracking Jevlaist two are a part of the
[ATLASItrigger system.

To provide the magnetic field, necessary for the muon spaetier operation, the
barrel toroid, consisting of eight superconducting 2% Bim size coils, is used. The coils
are grouped and form a large toroidal shape of 22 m in diamAgitionally, two end-
cap toroids are placed inside the barrel toroid, on bothssidiéhe’ ATLAS detector. Each
end-cap, with a total weight of 239t, consists of eight sapeducting coils. The peak
magnetic field obtained for the nominal current of2KA in the barrel toroid and end-cap
toroids is 39T and 41T, respectively [25].
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1.2.2 Inner Detector

The Inner Detector is placed in the centre of[the ATLAS experit, close to the beam
pipe. It consists of three separate sub-detectors: thé Petector, the Semiconductor
Tracker, and the Transition Radiation Tracker (TRT). Toggtlthey provide the
tracking of charged patrticles for precise momentum measenéas well as primary and
secondary vertex reconstruction in a pseudorapiditinp& 2.5. ThellD also provides
electron identification over a wide range of energies (betw@5 GeV and 150 GeV) and
pseudorapidity|f| < 2.0). The Pixel Detector and the SCT are based on silicon pixl an
strip detectors as active elements. The TRT consists of tageys of gaseous straw tubes
which are interleaved with transition radiation foils. Téatire tracker is surrounded by
a solenoid, which provides a magnetic field of 2T with a fielcediion parallel to the
beam axis[[26]. The full length of the combined inner tradkemore than 7 m, and the
maximum radius is D8 m. The layout of the Inner Detector barrel is shown in theg[Ei4.

rR= 1082 mm

TRT

TRT<
\_R = 554 mf

(R =514 mm

< R =443 mm
SCT
R =371 mm

LR =299 mm
SCT

R =122.5 mm Pixels
Pixels { R = 88.5 mm
R =50.5mm
R=0mm‘

Figure 1.4: The cross-section of a fragment of the Inner Detector [23].
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Pixel Detector

The[ATLAS Pixel Detector is the innermost part of theé ID. lbpides high granularity
and high precision measurements close to the interaction. pidhe pixel detector system
is a very important part of the whdle ATLAS detector and muashply with several strict
requirements. Firstly, due to the fact that the pixel deteis placed very close to the
interaction point, all its elements must be able to openat& lnigh radiation field. The
predicted TID is around 500 kGy and Non-lonizing Energy L@SEEL), 10'°1 — MeV
equivalent neutrons per é’n(neqcm‘z) over ten years of operation. Secondly the
transverse space resolution must be better thaniBnd the longitudinal resolution
must be better than 1 mm to allow good primary vertex resmutheasurements. Thirdly,
the material budget in the pixel detector has to be minimisextder to decrease the rate
of multiple scattering and other secondary interactiong.[Zinally, the pixel detector
must guarantee excellent identification of jets origirgfitom bottom quarks, e.g. Higgs
boson decay into bottom quarks.

The pixel detector consists of a barrel and two identicateayas. It is 1442 mm long
and 430 mm in diameter. The barrel is built of three concerdrers at radii of 5B mm,
88.5mm and 125 mm around the beam pipe. The end-caps in the forward anavaagk
regions of the detector are identical and consist of threlesddn each side, between radii
of 888 mm and 14% mm. The Pixel Detector is built of 1,744 identical modul&gl66
modules in barrel region and 288 in end-caps) each with aeaatea of 608 x 1.64 cnt.
The sensors, produced in the radiation-hardin-n technology, are organised in 144
columns and 328 rows, which gives 47,232 pixel implants ahegnsor tile. The sizes
of pixel cells are different, 388 x 30um? and 5825 x 30um?, depending on the region
on the sensor tile. In total, the Pixel Detector has over 8 ré@d-out channels (over 67
million in the barrel and over 13 million in end-caps) andemvan area of around7m?.

One should note that the sensor leakage current and thetiogevaltage change
with the total dose. After a fluence of around 21-3;Ir6,)3qcm_2 n-type bulk material
inverts to p-type. The effective doping in the silicon bulk grows witime and is
temperature dependent. Hence, the sensors must be cooled atal operated at
a temperature between5°C and —10°C [23]. Fluorocarbon (gFg) operating with
a nominal temperature 6f25°C is used as a coolant.

Semiconductor Tracker

The[SCT was designed to be hermetic for charged particlesanbierse momentum
higher than 1GeV and to provide accurate tracking of chamgaticles produced in
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proton-proton and ion-ion collisions. Its transverse sppeint resolution is around

17um while the longitudinal resolution, around 586. The SCT occupies radii between
30cm and 52 cm from the beam axis, and spreads2d@ m along the beam pipe. The
effective tracking coverage |g| < 2.5.

Due to the fact that thie SCT is located close to the interagimnt, it must fulfil
all the strict radiation hardness requirements. The NIElesgimated to be around
2 -10Hneqcm~2 andTID around 100kGy over a period of 10 years. In order tacedhe
radiation damage effects and allow the sensors to survigethese years, the SCT must
be cooled down. Thus, the end-caps to are cooled down7ttdC and the inner layers
of the barrel to around-2°C. The detector support structure must also be nhon-magnetic
due to the presence of magnetic field generated by the sdl@noducing 2T magnetic
field [28] [29].

The[SCT, like othef ID sub-detectors, has a modular consbructlt consists of
three parts, the barrel and two end-caps, all located inbielesolenoid. The total area
of silicon used in thé SCT barrel is 34r?. The[SCT barrel is built of four cylindrical
and concentric layers containing 2112 silicon modules gogen| < 1.3. The modules
consist of two single-sided silicop-in-n (p-type strips om-type silicon) sensors. In
order to guarantee two-dimensional measurements, th@rsease glued back-to-back
and slightly tilded (the angle is 40 mrad). Each sensor h8ss#tps, which are 126 mm
long, and are separated with a constant pitch af®J30]. The strips are read out by the
front-end ABCD3TA chips, fabricated in BICMOS radiation reargttechnology. There
are six read-out chips on each single-sided sensor, whies tfie total number of 3- 16
read-out channels in the SCT barrel.

ThelSCT end-caps are organised in eighteen disks (nine oricaard and backward
side of the tracker) surrounding the beam pipe, coveringrea af 267 n¥ with silicon.
Each end-cap is built of 988 silicon modules mounted on thkesdand organised in three
rings: inner, middle and outer. To avoid the gaps in the detethe sensors on each ring
overlap [31]. The total number of read-out channels in trie@aps is 3 - 19) which totals
6.2 - 1@ for the whole Semiconductor Tracker.

Transition Radiation Tracker

The idea of this detector is based on the theory of TransRadiation [TR), a physics
phenomenon predicted theoretically by Vitaly L. Ginzbungl #lya M. Frank. The theory
of TR says that photons are emitted when charged partiotess ¢he boundary between
two media with different dielectric constants [32]. Thealoenergy and number of
TR photons is proportional to the Lorentz factgy ¢f the particle. The total radiation
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intensity can be written as followis [1.1]:

i (W — )2
= - =7 1.1
S 3 or T Y, (1.1)

where w, and 6, are the photon frequency and the angle of emission with oégpe
the particle trajectoryn = €?/fic ~ 1/137 is the fine-structure constant ang, are the
plasma frequencies of the two medial[33]. Due to the simpéiom between the total TR
intensity and the Lorentz factor, the Transition Radiatioacker can be used for particle
identification, e.g. separation of electrons from heavlarged particles — muons and
pions.

The[TRT consists of three parts, a barrel and two end-capsbaliic elements are
thin-walled proportional drift tubes, called straw tubessonply straws. Straw tubes
were chosen as detecting elements because they offer adugéedin modularity of the
detector and they can be easily integrated into a mediunygpmbylene-polyethylene
fibre mat) producing transition radiation without compreimg the continuous tracking
concept. The TR straw layout is designed so that chargditiearacks with transverse
momentumpr > 0.5GeV and with pseudorapidity)| < 2.0 [34] cross about 35 straws
providing continuous tracking at larger radii of the InnegtEctor while enhancing its
pattern recognition ability.

The barrel part is comprised of 52,544 straws oriented |ghtalthe beam. It covers
the radius range 56 108 cm and has a sensitive region of total length of 144 cmgalon
the beam, corresponding to a pseudorapidity randgg|of 1.0 [35].

Each of the two end-caps contains 122,880 straws radiadjged with respect to the
beam axis. They cover the forward and backward pseudotapétjion, 10 < |n| < 2.0.
The full length of each end-cap ism, the diameter is about2m and the weight is
about 1119kg [36].

1.3 High Luminosity Upgrade

In order to discuss the problem of the High Luminosity Upgrazhe has to understand the
meaning of a key parameter know.in HEP and the acceleratmishblogy as luminosity.
Luminosity (£) is a parameter, which allows us to estimate the number titpéar events
(Neveny per second produced in a collision. The cross-section paracular event@eyen)

is usually taken from a theoretical model. This simple fetats show below((1]2):

Nevent= OeventL, (1.2)
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The luminosity depends only on the beam parameters and isndication (Eq[ 1.8)

of the following parameters [2]: the revolution frequenaoytihe storage ringfey), the
relativistic Lorentz factory(), the normalised transverse emittangg,(the beta function

at the collision point§*) and finally, the number of particles per bunch and the number
of bunches per beanNf andny), respectively.

2
_ —Nigz:f;y (¢). (1.3)
The value of the luminosity is modified by a geometric fadtdme) = 1/4/1+ @2, where

¢p is the Piwinski angle [37].

The nominal peak luminosity in tHe LHC machine measureld At(BILAS) and
P5 (CMS) is assumed to reach *f@m2s! in case of proton beams and around
107" cm~2s~1 for heavy ion beams. Currently, the LHC operates at lowergsn@5 TeV
per beam for protons) and the peak luminosity @53 133cm~2s1, reached in 2011.
The integrated luminosity recorded by the ATLIAS experimduniing the proton runs in
2010 and 2011 was.B57fb 2, so five times higher than expected at the beginning of
2010 [38].

1.3.1 High Luminosity Upgrade of thelLHC

The studies for the High Luminosity Upgrade of the Large tdadCollider were started
several years ago and are still ongoing. It was foreseestima¢ parts of tHe LHC and the
innermost parts of the detectors would start to suffer fradiation effects after several
years of running. This will be a great chance to implementestgnhnical improvements
and several new elements in the detector system. The pamgastdering these upgrades
is called the High Luminosity LHG (HL-LHC) project and it aimas ten-fold increase of
the nominal luminosity.

Among the most important issues which have to be investigate solved in order to
allow the luminosity increase, one can enumerate the fatigwincrease of the number
of collisions per bunch crossing, decrease of the betaifum{*) at the collision point,
development of the new final-focus quadrupoles, improveémighe LHG injection chain
due to higher beam current, upgrade of the collimation systecrease of the magnet
lifetime in a high-radiation field and some additional imyement in shielding. The
[HL-LHClproject is divided into two phases:

Phase | of the High Luminosity Upgrade assumes the incrdabe tuminosity up to
1—2-16*cm2s ! and it is foreseen for 2017. This will be achieved by incogiog
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Linac-4 in the[LHC injection chain, providing an intensity d.7-10 protons per
beam. Linac-4 will be ready in 2014 and it will work as the utjg for the[PSB,
increasing its brightness by a factor of two with 25 ns burgdcgng. The beam focusing
in [P1 and IP5 will be improved by replacing of the inner tephuadrupole magnets
focusing the beam by new NbTi ones, new separation dipolésaw front quadrupole
absorber([39]. Thanks to these improvements the integtatethosity of 320 fb ! until
2020 is expected.

Phase Il of the machine upgrade is expected in 2021 and weitirporate serious
changes in the injection chain, which should allow for th&madte luminosity of
5.1F*cm 2s 1. After Phase Il thé LHC should achieve 250tbper year, resulting
in 3000fb ! in 12 years of operation. The upgrade of the Proton SynasmdBooster
up to energy of 2GeV is seriously considered, as well as theeiSBroton Synchrotron
upgrade. There are also plans aiming for further beam pdeasienprovement by using
new NySn triplet quadrupole magnets. The luminosity) €an be also be increased by
tweaking the values of the beam crossing angle and/or thehblemgth (see Eq. 1.3).
Currently, a so-called crab crossing collision scheme isiclemed as a baseline for the
luminosity increase for tHe HL-LHC [40].

1.3.2 Physics beyond the LHC

The detailed physics programme of the HL-LHC will be highgpeéndent on the results
obtained from the experiments operating at[the LHC. As suahguld be very difficult
to predict about the detailed prospects for physics at thd HCl. Nevertheless, some
extensive studies in this field are ongoing. The High Lumityddpgrade should increase
the [LHC discovery reach by between 20% and 30% in terms of thesnof new
objects[41]. Also the measurement precision will be sigaiftly improved. Hence, even
the statistics-limited phenomena like Higgs Self-Couplimgare decays (e.¢gd — UW)
should be observed and measured with a reasonable accuracy.

If we assume that the main part of the LHC scientific progranisee sectionh 1.1.2),
related with the search for the Higgs boson and Supersyminsetealised, then one can
divide the HL-LHQ scientific programme into the followingpios [42]:

« further improvement of the accuracy in determination @rgiard Model parame-
ters (e.g. Higgs couplings),

e more accurate measurements of the parameters descridinghysics discovered
at thd LHC (e.g. supersymmetry particles),
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* new discoveries in the high-mass region (e.g. quark coitgss, new heavy
gauge bosons, multi-TeV squarks and gluinos, extra-diroegjs

 extension of the sensitivity to rare processes (e.g. Hpggsand multi gauge boson
production).

1.3.3 High Luminosity Upgrade of thel ATLAS detector

Due to the fact that the innermost parts of the ATLAS deteater located in a very
high radiation field, their lifetime is strictly limited. Aen-fold increase of the nominal
luminosity after the upgrade to the HL-LHC will drasticalhcrease the level of radiation.

The limited functionality of the current Inner Detector isumly related to the limited
radiation hardness of the silicon detectors. The radiatimluced reduction in the
depletion depth and ultimate charge trapping may resulhénléss of signal from the
detectors. The increase of the leakage current is also asug. Not only will the silicon
sensors suffer from high radiation, the front-end elect®and data transmission systems
will also be affected.

The radiation damage is not the only issue enforcing chang®ELAS] The increase
of the luminosity means the increase of the number of prptaten collisions per bunch
crossing. The expected number of pile-up events per bunz$siclg at thé HL-LHC
will be around 200. This is one order of magnitude higher thathe[ LHC and will
result in a large detector occupancy. Figure 1.5 shows tbeease in the number of
tracks produced in 5 and 400 proton-proton collisions, egponding to the luminosity
of 0.2-1G*cm 2s 1 and 10-18*cm2s1, respectively. In order to provide the same
detector performance, despite this tremendous increagalesfip events per bunch
crossing, an increase in the detector granularity is abslglneeded. Higher granularity
is required to keep the occupancy at the level allowing eificpattern recognition and
thus providing a better physics analysis.

The ATLAS Inner Detector will not be the only sub-detectofeated by the high
dose rate. According to the simulations, all the detectocated at low radii and large
pseudorapidity, like Forward Calorimetér (FCal) and forwardon wheels, will suffer
from radiation damage and high occupancy.

Phase | of the High Luminosity Upgrade [of ATLAS anticipathe teplacement of
the[CSCs located in the forward small wheels of the muon speeter and adding
new layers for the tracking performance improvement. A nesigh for the read-out
electronics including triggering capabilities is also andonsideration. Additionally,
Phase | foresees an upgrade of the Forward Calorimeter, dine pmssible beam heating
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Figure 1.5: Simulation of the particle tracks resulting from the prefmoton
collisions corresponding to the luminosity 0f201G*cm2s1 (left) and
10-16*cm 2s1 (right) [43].

of the liquid argon and radiation effects in the front-endcélonics. Several solutions
are under investigation, including the installation of anvd&Cal in front of the existing

Forward Calorimeter [44] using diamond detectors or higlsguee Xenon ionisation
chambers. Another idea is to replace[the FCal with so-called-MCal, having smaller

gaps, new summing boards and additional cooling.

Phase Il of the upgrade assumes replacement of the Innectbetend further
changes in the forward region of the Muon Spectrometerudinf the replacement of
the Monitored Drift Tubes and Cathode Strip Chambers instaliering Phase |. The
radius of_lMDTs is planned be reduced from 30 mm to 15mm in otdafecrease the
space charge in the detector. There are also many R&D studgsng, including the
development of MicromegBS)r Gas Electron Multipli@, aiming at the upgrade of the
forward trigger system.

1.3.4 Upgrade of the Inner Detector

A project called the InsertablB-Layer (IBL) [46] has recently been accepted for the
Pixel Detector upgrade in Phase I. It assumes adding an leyeaof pixel sensors into
the tracker, very close to a new berillium beam pipe. Afteasehl, the Pixel Detector,
together with thé TBL, will cover a range in pseudorapidity|igf < 3.0. Although the
installation of the beam pipe and new B-layer is a very nonairengineering operation,
it should significantly improve the space resolution, whigh have a great impact on the

4MicroMEsh GAseous Structure (Micromegas) — a double stag@llel plate avalanche counter
developed dt CERN for high energy physics application [45].

5Gas Electron Multiplier (GEM) — another gaseous detecteldped originally af CERN, consisting
of thin polymer foil(s), metal coated on both sides and cluaithy etched holes of high density [45].
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physics analyses.

New pixel sensors located 31 mm from the interaction poirt ave to survive
several years in a harsh environment, where the 1 MeV newgoivalent fluence is
estimated to be around 5 -*Pieq/cn? [47]. After intensive studies two different sensor
technologies were chosen to be used in[thel IBL, namely sline adigon n-in-n type
planar sensors and 3D sensors etchedprtye substrate.

ThelATLAS Inner Detector was designed for integrated lursityoof around 740 fb?
[48]. Thus, the radiation damage is not an issue for the nurmacker, since the
integrated luminosity accumulated until 2020 should beiado320fb! [40]. However
the integrated luminosity accumulated in 5 years of the HHG operating with nominal
luminosity of 13*cm2s1 will exceed 3000fb! and the estimated fluence of 1 MeV
neutron equivalent in the innermo®-(ayer) will be around 2 - 1](<5'neq/crn2 [49]. The
profile of the 1 MeV neutron equivalent fluence as a functionhef distance from the
beam pipe after Phase Il is shown in Fig.]1.6.
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Figure 1.6: 1MeV neutron equivalent fluence in the ATLAS Inner Detector

after the Phase Il of the High Luminosity Upgrade as a fumctid the

radial distance from the beam axis (simulated for the lusityaf 6000fb ™,

including the safety factor of two with respect to the expdctsLHC
luminosity) [49].

The requirements for radiation hardness and high detectorutarity lead to the
ultimate solution, the replacement of the Inner DetectdPlvase 1l. A new ID must be
designed in a way that guarantees good tracking capabilitidigh collision rate. The
new detector must also meet strict requirements relatedwepdissipation and material
budget limits. It will be an all-silicon detector, using pbdetector technology at small
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radii and silicon strip technology at mid and large radiugela. The removal of the
Transition Radiation Tracker is required. A layout proposadhe new ATLAS tracker
is shown in Figl1J7.
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Figure 1.7: Layout proposed for the ATLAS Inner Detector after the PHase
of the High Luminosity Upgrade; pixel layers (green), statrips (blue), long
strips (red)[[50].

The detailed architecture of the new Pixel Detector isgtitler investigation, however
most probably it will be organised into four concentric ledutayers and six disk layers
in each end-cap region, providing 160°¥@ad-out channels. The area covered by the
pixel sensors will be around 3m?, so almost two times larger than it is today. One of the
considered solution [51] assumes the innermost layer @l piacker being manufactured
in new, extremely radiation hard, but expensive technolf@igmond sensors or Full-
3D silicon sensors with active edges), while the outer layesuld be designed in cost-
efficient, radiation hard™-in-n planar sensors.

The new Semiconductor Tracker considered for Phase Il witigrise five layers of
silicon strip detectors in the barrel region and five enddiaps on each side, covering the
total area of around 1604n The first barrel layer will be located at the radius of 38cm
from the beam, and the last one in the distance of 95cm, caydhie space occupied
before by the Transition Radiation Tracker. In order to mis&rthe detector occupancy
two different sensor strip lengths are considered. Threeritayers in the barrel region
will be equipped in short strip sensors42m long with 75um pitch. For the remaining
two outer layer sensors having longer strips &@n are planned [48]. The total number
of the read-out channels planned for the strip detectoni®si 42 - 18.

The design of the SCT end-cap regions seems to be more coteglid¢a the forward
region the sensors will be organised in 10 double-sidedsdisaliscs on each end-cap
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side). Each disc will then comprise 32 identical petals ¢gtc¢he last disc on each side,
which drops the inner ring modules) assuring the radial @& between 336 mm and
951 mm and coverage imbetween 1376 mm and 2791 mm [52]. The end-cap sensors
will most probably need 6 different shapes of silicon sessdwo different lengths of the
silicon sensors are considered, short strips of around 2amimmedium strips of around
50mm.

The higher granularity of the detector will provide goodckkaeconstruction. The
shorter silicon strip sensors, comparing to the ones ctiyrased, will also result in lower
detector capacitance and hence will improve the Equivdlieige Charge. A simplified
formula for thd ENC is shown in EQ. 1.4 [53]:

C2
ENC=Qn = \/anr+bnT'+4Afol2, (1.4)

wherea, andb, are the spectral noise densities of the parallel and seoisg Is0urces
at the input of the front-end circui; is the total capacitance shunting the inpuis the
peaking time of the shaper aid is the 1/ f noise coefficient.

One can immediately note that the ENC is strongly dependetfiteocapacitandg;, so
also the detector capacitance. Additionally, the paransgtan Eq.[1.4 is proportional to
the detector current including the dark (leakage) curr@imice the dark current increases
after irradiation and is proportional to the sensor aresq &l this aspect the small sensors
have advantage over the big ones.

The silicon strip sensors planned to be used in the new Sachicbor Tracker
will most probably be manufactured in radiation hard, ptamén-p technology, which
according to the recent studies and prototype tests wilt aikne requirements [54]. The
use ofn-in-p silicon sensor technology is in this case fully justifiedcéase the signal
generated by a particle traversing thén-p sensor is dominated by electrons, not holes.
Electrons are also less affected by trapping at defectsadiby radiation [49]. The-in-

p sensors do not undergo type inversion/ [55], as is case fqu-then sensors used in the
current tracker, and thus they can operate properly afiagbeadiated up to high doses.
This capability is especially important considering thet fdnat the inner layers of short
strips will have to withstand tHe NIEL of.6- 13 neq/cm? andTID of 262 kGy. For the
outer[SCT layerd, NIEL will be two times lower, aroun®210* neq/cn?, while [TID]
should be around 79 k(@y

61 MeV neutron equivalent fluence and the Total lonizing Dassilicon strip detectors calculated for
the integrated luminosity of 300018.
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Power distribution system in Semiconductor Tracker after the High Luminosity
Upgrade

The selection of the power management scheme for the fuliiei§S one of the most
important issues and is currently the subject of advanced B&bDies. One should note
that the increase in the detector granularity will serigadiect the power consumption in
new the Inner Detector. Although the power consumption imgle channel is expected
to be reduced significantly, the supply current will be reztlito a lesser degree and thus
delivering power to the front-end chip will become a big issu

Currently, the_ SCIT is comprised of 4,088 modules and each of tisepowered
independently. This means 4,088 cable chains distribwimgogue and digital power,
needed for the optical read-out system, clock and contrkséliand the sensor bias voltage.
The power cables are of the order of 100m long and this leatteetoable resistance of
a few ohms. It was measured that 50 % — 80 % of the power fromdhepsupplies is
dissipated in the cables [56] through resistive heating.

The scheme assuming a single detector module being suprliec separate cable
set will be prohibited in the futufe SCT. There are two mairsoee. Firstly, the increase
of the read-out channels would require new cables. Theitxaupavailable for the future
Inner Detector, is however limited by the number of cablesently placed inside the
No new cables can be added because of the lack of spabe iregion of the
cryostat and the calorimeters. Secondly, adding the nelesamuld have a considerable
influence on the material budget. It has been calculatedifttia individual powering
scheme was implemented in the SCT after the High Luminositgrae, the material
budget would have been increased up to unacceptable leaV0bdf radiation length

(Xo) [56].

Impact of the material budget on the tracking performance

The material budget in the current Inner Detector regardirgy contribution to the
radiation length of TID sub-detectors and different ID comguats is shown in Fid. 11.8.
One can see that the contribution of cables and servicesetontiterial budget is not
negligible.

The precision of the tracking system is described by the anhparameter resolution
— 04,- There are two components limitingy,, namely the finite point resolution of
the detector and the uncertainty in the track measurementalthe multiple Coulomb
scattering in the beam pipe and the tracker material. Thadtparameter resolution is
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Figure 1.8: Material distribution in current Inner Detector as a fuontiof

In| averaged overp. The contribution of external services and individual

sub-detectors (left) and the contribution of different eddr components
(right) [23].

given by the following formula [57]:

b?
2 2
o5 =a + , 1.5
do 2 i 36 ( )

wherep is the momentum of the particle afids the polar angle. The first term of Eq. 1.5
gives the intrinsic resolution of the detector itself, vehihe second is the component
responsible for the multiple Coulomb scattering. The actigglendence between the
full impact parameter resolution and the material budgbtdden in parametds, which
according to[[58] is equal to:

X X
b=136 MeV-rl\/% {1+0.038- '”(sine-x())]' (1.6)

The parametex/Xg is the material thickness, expressed in the radiation kengthile

ri is the distance between the vertex and the scattering mediugn the beam pipe.
The Equations 115 and 1.6 show that while increasing the atmmfumaterial within the
detector volume one increases the paramegand degrade the tracking performance of
the detector.

Estimate of the power consumption in thé SCT after High Luminosty Upgrade

A precise estimation of the power budget in the new SCT is a kmyent in the new
tracker design process. The amount of power delivered tadector and the amount
of power lost inside its volume will have an impact on the #@ssfture of the power
distribution scheme, cooling system, et cetera. Despédatt that many simulations in
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this area have already been made, some of the numbers meserhis paragraph are
still based on rough estimations [59]. Even the resultsinbthfrom the measurements
of cannot give all the answers about the power consumptioneltimate
design, simply because the final version of the chip will bsigieed using a different
technology.

The final 256-channel front-end chip, ABCN113, will be fabtaxin Q13um[CMOS
technology. The current consumption in the analogue @leis of a single read-out
channel is estimated to be around 28Q It means that 256 analogue read-out channels
will have to be fed with 64 mA. The amount of current consumethe digital part has
been estimated on the basis of results obtained from ABGN-&%sasround 105 mA.

Assuming the analogue supply voltagevafa = 1.2V and digital ofVgig = 0.9V, the
power consumption in analogue and digital paft of ABCN-13 tvlaround 77 mW and
95mW, respectively. Hence, the power consumption in a singsd-out chip is around
170mWw.

One should note that the upgraded $CT, similarly to the ptesacker, will have
a highly modular construction. The hybrid will be the basiglding block, containing
five read-out chips with 1,280 channels. Two hybrids willnfioa detector module, with
2,560 read-out channels. Finally, 12 modules will forni_an [®@frel stave.

The overall power budget in the SCT is not complete withouingknto account
the control circuitry and optoelectronics located on thérids and on each stave.
Naturally, the major part of power delivered to the stavd @ consumed in the front-
end electronics (240 read-out ASICs), but one should noefagout power dissipation in
the Hybrid Controller Chips (HCC), optoelectronics, slow cohtircuitry and especially
in the Stave Controller Chig (SCC). The supply voltage, requaedent and power
consumption of the ST stave components are summarised lie[Tzh

Based on these numbers, one can calculate the power consarofdi single detector
hybrid and a stave. The hybrid consists of five 256-chdnnel ABGNhips and the HCC,
thus it will consume approximately.4 W of power. The stave consists of 24 hybrids,
the control electronics (SCC with slow control) and optogtatics. This gives a total
power consumption of approximately 27 W for.3@ - 16 silicon strips.

"The first generation of the read-out chip for the future ATIBST designed and manufactured in
0.25um[CMQOS technology.
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Table 1.2: Power consumption in different SCT stave components.

Supply Current Power
voltage [V] consumption [mA] dissipation [ mW]

Analogue electronics 1.2 64 77
Digital electronics 0.9 105 95
Hybrid Controller Chip 0.9 200 180
Stave Controller Board:

— Optoelectronics 2.5 200 500

— Stave Controller 1.2 1080 1296

— Slow Control 1.2 50 75

Power efficiency of the power distribution system

The overall power efficiency of the power distribution syst)s) can be defined as [56]:

1

=TT IR I "R/Voo” (1.7)

Ns
wherely, is a module curreny/pp is the supply voltage ani. is a resistance of a cable
delivering power to the front-end electronics. The ovepallver efficiency in the current
[SCT was calculated to be slightly above 50%, assuming thes gabistance of 5Q,
the module current of .5 A and supply voltage in analogue and digital circuitry &3
and 40V, respectively. Further decrease of the supply voltagetha increase of the
detector granularity in the future will affect the efficignevhich can go down to around
10% (assumindR. = 4.5Q, Vpp = 1.2V andl,, = 2 A, estimated for the SCT upgrade).

In order to keep reasonably high power efficiency and low madteudget at the same
time, a new powering scheme for the upgraded ATILAS ISCT mustestigated. There
are two completely different solutions for the system deiivg power, currently under
development:

« serial powering of several modules on a stave,
» powering of detector modules from a high voltage sourcé WIC-DC converters.

The discussion presented above, together with the numbemnarised in Table 11.2
becomes a starting point in development of[the CMOS intedraiteuits (i.e. switched
capacitor DC-DC converters and linear voltage regulatass)ttie power distribution
system in the upgraded SCT, which is the main aim of this thesis
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Serial powering concept

In the serial powering scheme the chain of serially conmeotedules is supplied from
a current source. The supply voltage for each module in tlaénchill be provided by
a local shunt regulator. Thanks to this solution, one caniegintly reduce the amount
of power dissipated inside the detector volume, becauseefistive power losses are
given bynl2 R, wheren is the number of detector modules. Thus, when supplying 24
modules with one cable set, the power losses can be decrieasled same factor. This
Is true while assuming no power losses in the regulatorshdiréal case, power will be
lost in shunt and linear regulators, and DC-DC convertersoti#er major advantage of
the serial powering scheme is that the space occupied bytillesinside the tracker will
not be increased, keeping the ID material budget unchanged.

Currently, three complementary approaches of the|SCT saneéipng scheme are
being considered by the ATLAS collaboration. Each impletagon, briefly described
below, differs on the actual location of the shunt regulatod the power transistor. The
proposed solutions are also presented in the Fig. 1.9.

1. One shunt regulator and one shunt transistor on a modthle Emplest configura-
tion. However it requires a separate power chip mounted ooduta. Additionally
a power transistor regulating supply voltage would haveetaltle to carry a whole
module current in case of a failure condition.

2. Shunt regulator and shunt transistor on each read-ou€lA8bws avoiding the
situation, when the module current has to be sunk by one poeece. The
dedicated, external power chip is not needed, either. Thie disadvantage of this
configuration is related with the matching issues and swottltonditions. The
situation, when one power transistor draws most of the neoduirent is possible
and potentially destructive.

3. One shunt regulator on a module and shunt transistor dnread-out ASIC avoids
shunt regulators mounted in parallel, however resistanderaductance of the bond
wires, as well as the hybrid power traces/planes might haveaftuence on the
circuitry performance at high frequencies.

One should note that each front-énd ASIC consists of analegd digital circuitry,
located inside two separate power domains. In fact, aniaddit third power domain
for the optoelectronics circuitry on the module is requirétle analogue supply voltage
(Vana Will be set to 12V, but the exact value of the digital supply voltagegigY is
still under discussion. Most of the digital domain will bepplied with Q9V, however
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an option of \4ig =1.2V is considered as well. The two basic configurations cyen
considered for the voltage distribution between the powenains are shown in Fig. 1.10.
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Figure 1.9: Possible implementations of the serial powering schemgomp

with a dedicated powering chip on a hybrid (top), option vétiunt regulator

and shunt transistor mounted on each read-out chip (middigjon with

one shunt regulators and shunt transistors mounted on eachou{ ASIC
(bottom).

The first implementation, presented in Hig. 1.10a, assuhmstie analogue supply
voltage, Vana=1.2V, is provided directly by a shunt regulator. In order to @ypthe
digital circuitry, the analogue voltage is then lowered bip@al[LDQO voltage regulator
to Vgig =0.9V. This option guarantees reasonable efficiency, apprabeiy 69 % [60],
however the quality of the analogue supply voltage is nog tegh.
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Figure 1.10: Internal analogue and digital supply voltage generaticivop
foreseen for the use in serial powering scheme.

In the second case, shown in Hig. 1.10b, the digital cirgustpowered directly from
a shunt regulator. In order to obtain higher analogue velagharge pump (step-up
switched capacitor DC-DC converter) is needed. The outpltige from the converter
can then be lowered and filtered by a linear voltage regukatgrovide clean supply
voltage of 12V for the analogue circuitry. This solution allows for gogquhlity analogue
and digital voltage, thanks to low output impedance of thenshegulator and good
filtering efficiency of the linear regulator.

Most recent studies have shown that supplying the digitalidry with 0.9V might
not be the optimal solution, for at least three reasons.tlfithe sensitivity to Single-
Event Upsets[ (SEUS) is highly dependent on the supply weltdte higher the supply
voltage the lower thie SEU cross-section|[61]. Secondlydipial standard cells have not
been parametrised for the supply voltage &\0. Thirdly, the performance degradation
due to the Total lonizing Dose caused by radiation is unalm& and higher supply
voltage will increase the electronics’ tolerancé o T1D.

DC-DC conversion scheme

The idea of powering detector modules using a DC-DC conver@ohnique is more
conventional than the serial powering solution, preseatem/e. More accurately, in the
DC-DC powering scheme the losses are givem byq/g)ch, whereg is the conversion
factor of the power converter. In order to make DC-DC schenmapatitive with the
serial powering scheme in terms of power efficiency, the ewmion factor must be
kept sufficiently high. This can be obtained relatively ebgyincorporating two power
conversion stages. The basic principle of the scheme usipgrate step-down DC-DC
converters is shown in Fig. 1.111 [62].
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Figure 1.11: DC-DC powering distribution scheme supplied with 10V,
providing separate analogue and digital power domains.

The [ATLAS [SCT stave will be supplied with 10V. The circuitry e first
conversion stage, located on a stave or a hybrid, will thewige two intermediate bus
voltages: 25V for analogue / optoelectronics andBY for digital. These voltages will
be distributed along the stave supplying the front-endshpsecond power conversion
stage, integrated into each front-end chip, will divide ttodtages again, this time by
a factor of two. Hence, the overall conversion ratio will bewund 10. The above
description of the DC-DC scheme does not assume any poweslasthe converters.

The first conversion stage will consist of two buck convestgharacterised with the
power conversion factors of= 4 and aroundy = 5.5. A buck converter is a simple and
robust solution which allows reaching high power efficien®. between 80 % and 85 %
for the nominal current. The technology used in the desigiegss must fulfil two main
requirements: to be able to work with voltages up to 10V widme safety margin and
to guarantee full integration with the control circuit onN&8IC. The first buck converter
prototypes, planned to be used in first stage, were fabdaat8.35um technology, but
several other commercially available technologies areeadly under investigation as
well. Nevertheless, the use of buck converters also bringsesproblems which have
to be solved. Namely, all commercially available buck cotess are designed to work
with ferromagnetic inductors. These inductors guaranigdeinductance, but they are not
suitable for operation in high magnetic fields and satura2+ 4 T. Thus, there is a need
to provide custom, high radiation tolerant buck convertesiag air-core inductors.

The second stage of the DC-DC power distribution scheme wiltan two step-
down switched capacitor DC-DC converters, located direatiythe read-out chip. The
converters will be used as dividers by 2, in order to provite final supply voltages
for the analogue and digital domain.2V and Q9V). Converters of the second stage
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will have to carry intermediate levels of current, of a fewdeup to one hundred
milliamperes. Switched capacitor converters are planmettet used here, because
incorporating inductors is not possible in the second caier stage.

In conclusion, the implementation of the DC-DC powering sobes a challenging
task, because of two reasons. Firstly, both conversiorestadjl be operating in a high
radiation field. Surely this will have an influence on the parfance of the converters
and will downgrade the key parameter — the power efficientys] the circuits must be
designed in radiation hard technology with all the necgspegcautions. More detailed
characterisation of the state-of-the-art 130nm CMOS RF oy planned for switched
capacitor converters design will be described and disclissthe next chapter. Secondly,
the buck converters will have to employ air-core inductorsstoring energy, to withstand
a high magnetic field. This will seriously affect the matebadget in the Inner Detector.
On the other hand the DC-DC powering scheme guarantees higilaniby, which allows
turning off individual modules in case of failure. It alsoegonot require the load currents
to be constant in time.

Power building blocks presented in this thesis

Three different building blocks, intended to be implementethe futuré SCIT powering
schemes are discussed in the following chapters of thied#&sn. The serial powering
scheme assumes the use of a switched capacitor DC-DC stemuerter and a linear
voltage regulator, while the powering scheme based on th®DBConversion technique
will employ a switched capacitor DC-DC step down convertelt. pfesented prototype
blocks were designed and fabricated in[the 1BM 130 nm CMOS t&oly.

The switched capacitor DC-DC converters are discussed int€hapwhile the two
architectures, a classical voltage regulator employin@NBfOS transistor and an LDO
voltage regulator usingla PMOS transistor as a pass deviegresented in Chapter 4.



Chapter 2

Radiation tolerance of deep submicron
technologies

The moderi CMOSS technologies are becoming intrinsicallyatamh tolerant due to the
thinner silicon dioxide in the transistor gates. The tedbgy currently considered as
a main candidate for the electronics upgrade i§ the[IBM CMO8gs®with a lithography
node of 130 nm, using 350 nm deep Shallow Trench Isolatioh) (ST

In order to characterise the radiation tolerance of thereldgy, numerous tests
of semiconductor structures containing tens of differesrnisonductor devices were
performed. This chapter consists of a brief overview of tdiation induced damage in
the semiconductor structures, the description of two difie CMOS technologies (90 nm
and 130 nm), together with the results obtained from theliatéon tests.

2.1 Overview of the radiation induced damage in the
semiconductor devices

Semiconductor devices exposed to radiation can be affdéitadree types of radiation
damage mechanisms, namely displacement damage, ionis@ioage and Single-Event
Effects (SEEs).

Displacement damage occurs when radiation, heavy patariaeutrons, displace
atoms in the cristalline lattice from their original posits, creating point defects and
defect complexes in a semiconductor material. Defectgeuday radiation reduce the
minority charge lifetime. One should note that the lifetiofehe minority carriers does
not significantly affect the operation 6f MOS transistorst the effect is significant
in bipolar devices[[63] and leads to the degradation of[the ga@ at low currents.
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Nevertheless, an increase of the leakage current due ttackspent damage can also
be observed in MOS devices.

Displacement damage is proportional to the non-ionisirgggnloss, which depends
on the type of the particle and its energy [[64]. It manifetdslf in three main possible
ways:

 create mid-gap states that allow for the electron tramsitiom the valence band to
the conduction band, leading e.g. to the increase of cumeht reverse biasegin
junctions;

 create states located close to the edges of the band thatagéuwre charge and
release it after some time (trapping); and

» change the effective doping concentration.

The radiation damage caused by ionising radiation is muchkerserious in MOB
technologies than the damage occurring due to displacenerihe cristalline lattice.
Photons with energies higher than the bandgap&¥ for silicon and 9eV for silicon
dioxide), electrons, protons and ions can all be sourceamide/[65]. lonising radiation
leads to the creation of the electron-hole pairs in the satestand silicon dioxide, as
well as the breaking of atomic bonds. This results in the agagion of the transistor
performance. The MOS devices experience the following phrema: a threshold voltage
shift; increase of the leakage current; and decrease ofdhsistor gain.

A term Single-Event Effect covers a very wide spectrum ofatoin effects caused
by charge deposited by a single ionising particle. Amongeleffects one can enumerate:
single-event upset (SEU), single-event transient, siegént latch-up, single-event gate
rupture, and others. The sensitivity to the SEEs increagtesthelMOSFET size and the
circuit speed [66].

2.1.1 Physical basis of the total ionising dose radiation effects

The main source of the total ionising dose radiation damagiée CMO$ devices is

located in the silicon dioxide. Hence, the key to understandhe total ionising dose

radiation effects in the semiconductor devices is to undedsthe processes occurring
in the gate oxide. There are three effects that lead to thermmuce of these types of
radiation effects ih MOS structures:

* a buildup of trapped charge in the silicon dioxide;
* an increase in the number of bulk oxide traps; and
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* an increase of the interface traps close to the surfacedegtwilicon and silicon
dioxide.

It is important to remember that electron-hole pairs arate intMOS devices as
an effect of interaction of the ionising radiation with bpthe insulator (silicon dioxide)
and the silicon substrate. The electron-hole pairs creatéloe silicon are mobile and
can be transported either by drifting in the electric fieldbyr diffusion [64]. The
transported carriers can be seen as transient currentsy CHmeaffect the operation
of the semiconductor device, however they have no long-teffiects on the device
characteristics.

The situation is quite different in the case of e-h pairs gateel in the oxide. The
electrons are still mobile and can easily move towards tiséipe electrode thanks to the
electric field, but the holes move by a slow and complex hgpmechanism. As a result,
holes become more susceptible to trapping in the gate oxitie. holes are trapped by
defects and stay there depending on the trap energy level.n\&Ipositive voltage is
applied, holes can however drift slowly towards th¢ 80O, interface, where they are
trapped acting like donors or acceptors.

There is also another process that leads to the creatioteofane traps. The ionising
radiation interacts with the matter and breaks the chenticatls in the SiQ structure.
A fraction of the bonds may reform when the electrons andshadéeombine, but the
remaining ones can create electrically active defectss@ldefects can migrate towards
the Sj/SiO; interface and form interface traps. The broken chemicabbassociated
with the hydrogen or hydroxyl-{OH) groups may release impurities which are mobile
in the oxide. These impurities can migrate to the interfasmvben the Si and Siand
undergo a reaction resulting in the interface trap creatidiore details on the process
leading to the creation of the interface traps can be fouri@Sh

2.1.2 Threshold voltage shift

The threshold voltage of both types[of MOS transistarsand p-channel, is affected by
the charge trapped in the oxide and thé¢ 80D, interface. This charge changes B¢/
curve of thé MOS capacitor formed by the gate and the chatimed, it causes also the
threshold voltage shift. The mechanism that is behind iatkaer simple. The positive
charge trapped in the oxide must be compensated by a moréveegaltage applied on
a gate of the transistor. This results in a lower absoluteevaf the threshold voltage in
n-channel transistors and a higher absolute value of theshbte voltage inp-channel
devices. One should also note that the magnitude of thesetgfflepends on several
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factors, e.g. dose rate, bias conditions, temperature, etc

As mentioned, the overall effect of the threshold voltagé#t f\;,) has two
components, the first one related to the shift caused by thegehrapped within the
oxide (AVyt) and the second one related to the charge trapped in #8C%i interface,
AVi. Hence, it can be written as:

AVih = AVot + AV . (2.1)

For the n-channel transistors the positive charge trapped in thdeoxiecreases the
absolute value 0¥, while the contribution from the holes trapped close to theSE,
interface, observed at high doses or after long irradigtenods increases thg,. These
two effects are subtractive and result in a characterigiiound. In the case of the
p-channel transistors, both components are additive andhiteshold voltage shifts
monotonically with the accumulated dose.

The total charge generated by the ionising radiation inthdesilicon dioxide Qqt)
is proportional to its thicknessy(), while the oxide capacitanceC{y) is inversely
proportional to the oxide thickness, hence the thresholthge shift is proportional to
oxide thickness squared, Eq.12.2][67].

iy = -2

= 0t2, (2.2)

X
This dependence is presented in FFig] 2.1. Although theocatréixis represents the flat-
band voltageV;p) not the threshold voltage, one should remember that thieahis, is
equal to the shift of4p,.

According to Fig[ 2.l scaling down the technology increatetrinsic tolerance
to the Total lonizing Dose effects. The observed thresholthge shift becomes less
and less significant in modern technologies. The thresholthge shift is reduced
further below the2, rule for the technologies with oxide thickness below 10 nre th
positive charge recombination with electrons tunnelliragrf both the gate and the silicon
substrate.

2.1.3 Leakage current

Despite the significant reduction in the gate oxide thickneke[ STI that is used to
electrically isolate the transistors and surrounds thizexdkevices on the wafer remains
relatively thick. In case of the technology nodes that aseuised in this chapter, the §TI
thickness is around two orders of magnitude higher than #te gxide. The radiation
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Figure 2.1: Flat-band voltage per unit dose as a function of the oxidektigss
measured at 80 K[68]. Solid line represents the experinhpotats, while the
dashed line corresponds to Eq.|2.2.

hardness of the semiconductor device becomes then striorfigignced by its geometry.

As it was explained in the previous paragraph, the silicaxide traps the positive
charge inside its volume. This charge influences the valuhethreshold voltage of
a transistor. If the positive charge is big enough an inearéayer can be created close
to the SjSiO, surface. For g-type substrate or g-well the threshold voltage can be
significantly reduced or even go below zero volts, hencewramon layer may be induced
underneath the STIl. The inversion layer shorts the draintb@dource of the NMGOS
transistor at the edge of the active region and causes anttiow. Figure 2.2 shows the
layout and the cross section df a MIOS transistor with posdéalkage current paths.

Often, one can also observe an inter-device leakage. ltssilple when the positive
charge in the oxide creates the inversion layer betweendjaeentn-channel transistors.
Thus, the current flows between the drain of one transistisanrce of another one.

In addition, iNflCMOS$ technologies usimgtype doped wafers another possible path
for the leakage current may exist. Due to the creation of tkersion layer underneath
the[ST] a channel between the source of the transistor and-tyyge substrate can be
induced. However, this is not the case for the technologessribed in this dissertation.

A commonly used method that allows for a significant redurctibthe leakage current
in an[NMQOS transistor is adopting the enclosed gate laydit [Ghree different layout
approaches are shown in Fig.2.3. The Enclosed Layout B@ansi(ELTs) guarantee
very low leakage current which does not change with thel TiR,abdesigner must pay
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Leakage current

Leakage current

a)

STI

Figure 2.2: Layout of af NMOS transistor surrounded by fthelSTI (a) and the
cross section of the same transistor (b) with the currelkilga paths.

a price in the higher transistor area. It has also been obddehat the performance (in
terms of speed, power consumption, etc.) of the circuits ¢ait with the ELTs may be
different in comparison to a design laid out with the lingarg-edged-gate) transistors of
the samé&V /L ratios.

ha) mb) Hc)

Figure 2.3: Layouts off NMO$ transistors with enclosed gates; annulpr (a
ringed source (b), butterfly (c).

2.1.4 Change in subthreshold slope

The transfer characteristic of the MOS transistors chamsggsficantly with the TID.
Its simplified evolution is presented in Fig. 2.4, where thd curve represents thg-
Vs characteristic before irradiation and the blue curve — theracteristic of the same
transistor after the irradiation.

For eachL MOS transistor operating in a weak inversion regime can define
a parameter called subthreshold slope [70], which spoeds to a variation of the
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Figure 2.4: Transfer characteristic offa NMOS transistor before (recv&u
and after the irradiation (blue curve).

gate-to-source voltage necessary for a ten-fold chandeeadrain current, as in EQ. 2.3.

_ 0Ves
~ d(loglp)

(2.3)

=|n10[1+Cd+Qt]uT,

Cox

The depletion layer capacitance, the capacitance assdcidth the presence of the
interface traps and the oxide capacitance are denotddyb@i andCyy, respectively.
The thermal voltagelft) is approximately 25mV at room temperature

A typical value ofS at room temperature is around 70 fdécade. This means that
the change ofA\Vgs = 70mV causes a ten-fold change in current value. One can note
that the radiation induced increase in the interface tragsitieleads to the decrease of
the subthreshold slope and thus the transistor becomesrsitevmodern technologies,
where the supply and the threshold voltage are scaled dbwsreffect becomes a serious
issue, because it increases the leakage cufrent [66].

2.1.5 Radiation induced mobility degradation

The carrier mobility degradation in a transistor channebigsed primarily due to charge
trapped in the SiSiO; interface, however a non-negligible contribution from thede
trapped charge has also been reported [71]. The mobilityasged due to the Coulomb
scattering from the charges induced by radiation. High cgdn in the carrier mobility
manifests itself as a decrease of the subthreshold sloptatisfer characteristics become
less steep.

The expression describing the mobility degradation duetriace and oxide trapped
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charge([66] is presented below:

. Ho
140t AN + 0tANgt

u (2.4)

where | is the pre-irradiation value of the carrier mobilit§Ni; and ANy; represent
the density of interface and oxide trapped charge, reyadgti Parametersi; and gt
guantify the influence of the interface traps and oxide teapgharge on mobility.

2.2 Tested CMOS technology nodes

This section consists of a brief overview of two deep subamictechnologies, the
CMOS9FLP/9RF 90 nm process and the CMOS8RF 130 nm process, fcin vadiation
tolerance has been tested and is presented in the follovaregpaphs. One of these
technology nodes, IBM_CMQS 130nm, has been used for the des$igre switched
capacitor DC-DC converters and the voltage regulators.

2.2.1 Overview of 90 nm 9FLP/9RF process

The CMOS9FLP process uses a moderately dqgpege substrate with a resistivity of
1—2Qcm. The lithography node is 90 nm. The 8Tl is nominall#3m deep into the
silicon substrate. Depending on the version, a designetltaose between 6 and 9 levels
of Cu metal and one Al level. The technology provides sevgps of transistors of both
types, thin and thick gate oxide [72].

N-channel devices

Eight types of NFETs are available in the discussed 90 nmegssc Apart from the
regularViy n-channel devices, operating at the maximal voltage. ®¥V] a designer can
choose among several types of specific FETS, including suigeA/p, highMp, low-Vip,
and zerovys. All mentioned transistors work with a maximum voltage o2 ¥, with a
nominal gate oxide thickness oflzam.

The thick gate oxide transistors are designed to operatehigher nominal voltages,
namely 18V, 25V and 33 V. All three[NFET types have the same gate oxide thickness
of 5.2nm.

The triple-welln-channel transistors can be used in both options, thin aokl tjate
oxide with almost all threshold voltage options (apart fribva zerovp).
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P-channel devices

The 90 nm 9FLP technology also supports several types of BREamely super-high,,
high\i, regularviy, and lowd;, devices also supplied with a maximum aR¥. The

gate oxide in case of thegechannel devices is thinner than for NHETs presented above,
tox = 1.9nm. High voltage devices are available in the followingetypl8V, 2.5V and
3.3V. All of them have thick gate oxidety =5.2nm.

2.2.2 Overview of 130 nm 8RF process

The CMOSS8RF process is considered as the primary candidateeéd®CT front-end
electronics upgrade after the High Luminosity Upgrade efAMLAS| experiment. It uses
p-type doped wafers with a resistivity o-12Qcm. The lithography node is 130nm. In
order to provide proper isolation between the devices a CMRPS&ocess uses shallow
trench isolation[(STI) which nominally is8um deep into the silicon.

There are two options offered by the manufacturer, the "LMd aDM". First
of them uses five metal layers which results in lower manufagg costs. The DM
version provides additional low-resistivity metal layexgtable for the high quality RF
components.

N-channel devices

The regulan-channel transistors offered with the discussed processtaracterised for
two operation voltages.2V and 15V. These are the thin gate oxide (core) devices in
which the gate oxide thickness is2zhm. Four variants of cofe NFETs are supported,
namely highV;, (low-power), regulain, low-Vi, and zerovi,. Triple-well, thin gate
oxiden-channel transistors are available as well.

There are two types of high voltage transistors, operatiriy=V or 3.3V. They are
optional thick gate oxidet{x = 5.2nm) devices. They are available in all the voltage
threshold variants, apart from zevg:. Triple-well, thick oxide NFETSs are included in
the technology.

P-channel devices

Complementanp-channel transistors are also available. Thin gate dxidETBRtox =
2.2nm) are characterised for two operation voltage3Vland 15V. They are available
in three variants, depending on the threshold voltage, hamgh-\;, (low-power),
regularViy, and lowVp,.
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Thick gate oxidetpx = 5.2nm) can operate at2V or 3.3V. They may be operated
atupto 27V and 36V, respectively.

2.3 Test setup used for irradiation and measurement

A test setup used for the irradiation and measurement oétbesiiconductor structures
is complex and consists of several elements, which arel|stéow:

8.

N o ok bR

an X-ray source (Seifert RP149);

a[CCD digital camera used to monitor the alignment of theteship;

a probe card;

a thermal chuck used for chip positioning (Digit Concept [BGQ);

a switching matrix mainframe (Keithley 707);

a semiconductor parameter analyser (HP 4145B);

an external power supply unit used for biasing under thediation (Agilent
E3631); and

a PC running dedicated LabVIEW software.

The irradiation was performed using X-rays from the tubehwiuingsten target,
equipped with ®5mm thick Beryllium window. The tube was calibrated using-&
n diode. The maximum available tube current is 60 mA for a g#taf 50kV. Figuré 2)5
shows the irradiation cabinet with the X-ray generator Udsethe irradiation.

Figure 2.5: Cabinet with the X-ray generator used in the irradiationstes
the DCDCO013 chip [73].
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A remotely controlled thermal chuck allows keeping the dtigonstant temperature
during irradiation and measurements.

A probe card is an interface between[the DUT and the switamagix. The one used
here contains two rows of 16 needles.

Each[TID test structure contains over 20 different semioceotat devices, which
should be efficiently irradiated and measured. The Keitfil@y switching matrix allows
the user to pick a single device from the DUT and bias it adogid to the need.

The HP 4145B parameter analyser is an instrument capablengblete high-speed
characterisation of the semiconductor devices. Theyaerlcontains four Source
Monitoring Units (SMUs) which can be used as a voltage solaugent monitor or
current source / voltage monitor. Additionally, it provgdievo voltage measurement ports
and two voltage sources. The value of each voltage or cusemtce can be easily
specified and the certain compliance limit can be set.

Agilent E3631 is a high accuracy and high resolution low egewer supply unit. It
is used during the irradiation process to bias the semiatdnddevices.

2.3.1 Semiconductor TID test structures

Two chips manufactured to evaluate the radiation tolerariceubmicrol_ CMOS tech-
nologies (130nm and 90nm) are presented in the followinggraphs. The chips
were designed at CERN electronics group and are called TID3T&pg0, for 130 nm
and 90nm process, respectively. They consists of individeaniconductor devices:
transistors, resistors and diodes that allow for monitpoh the degradation caused by
radiation.

TID3 test chip

The TID3 test chip is a third generation [of ASICs, designedvauate the radiation
tolerance of the CMQGS 130 nm technology. This technology nedeeant to be a main
candidate for the front-end electronics upgrade in ther@lBTLAS Inner Detector. The
latest version of TID3, submitted in May 2010, has been tkatel the obtained results
are presented in this chapter. Its design has been sigrificamplified, comparing to
the previous versions, and contains only two blocks of sendactor devices:

* block A with p-channel transistors, diodes, resistors and FOXFETs; and
* block B with n-channel transistors only.
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Figure 2.6: Layout of the TID3 from Cadence Virtuoso Layout Suite (lafitd
the microphotograph of the manufactured chip (right).

The layout and the microphotograph of TID3 are presentedgriZ6. The 64 pads
have been organised in 4 rows of 16 pads, allowing easy afarébe probe needles. Due
to the limited number of the needles only one block can bedest one time.

The TID3 was designed to allow the evaluation of wide spa&ctofiradiation induced
effects. Hence, it contains an array of minimum channeltletrgnsistors to investigate
the radiation induced narrow channel effects and lateadddge current phenomenon. An
array of transistors with identical channel widths can bedus measure the dependence
of the radiation effects on the channel length. The TID3$® @&quipped with the ELTs.

A complete list of the transistors laid out in blocks A and Beithtype and size, is
presented in Tablés 2.1 and2.2.

TID9O0 test chip

The TID90 is equivalent to TID3 in tHe CMOS 90 nm process. It sasmitted in 2009.
The design of TID90 is however more complex than TID3, beedbs chip is divided
into four separate blocks, A through D, containing:

* block A — an array of different types (reguld;, low-Vi) of p-channel transistors,
FOXFETSs, diodes and resistors;

 block B — an array of different types (regub;, low-Vip, triple-well) of n-channel
transistors;

* block C — an array of regulafy,, n- and p-channel transistors with constamt/L
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ratio of 12.5; and

* block D — an array of regula¥y, [NEETS with constariV /L ration of 700.

Table 2.1: List of thin gate oxide transistors integrated on the TIDS8t te

structure.

Thin gate oxide devices

|

Transistor type

Transistor dimensions

- regularvip, (NEETIs and PEETS)

W/L=0.16um/0.12um
W/L=0.32um/0.12um
W/L = 0.48pum/0.12pum
W/L =0.64um/0.12um
W/L =0.80um/0.12um
W/L =2.00um/0.12um
W/L =100um/1.00um
W/L =100um/10.0um

- regular\iy ELTINFET

W/L =2.82um/0.12pum

- zeroVin INFET

W/L =3.00um/0.42um

- zeroVih ELTINFET

W/L =3.35um/0.42um

- regularVip, triple-well[NFETSs

W/L=0.16um/0.12pum
W/L =1.00um/0.12um

Table 2.2: List of thick gate oxide transistors integrated on the TI@3tt

structure.

Thick gate oxide devices

|

Transistor type

Transistor dimensions

- regularVy, (NEETls and PEETS)

W/L =0.36um/0.24um
W/L =0.50um/0.24um
W/L =0.80um/0.24um
W/L = 2.00pm/0.24pm

- regular\i ELTINFET

W/L = 3.06um/0.26um

- zeroVin INFET

W/L = 2.94um/0.56um

- zeroVih ELTINFET

W/L = 3.74um/0.56um

- regularVip, triple-well[NFETSs

W/L =0.36um/0.24um
W/L =1.00um/0.24um

- regularVi, [NFET with metal filling on top

W/L =0.36um/0.24pum
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Figure 2.7: Layout of the TID90 from Cadence Virtuoso Layout Suite {left
and the microphotograph of the manufactured chip (right).

Similarly to the TID3 chip, also here each block has to beetkstdividually. The
layout view and the microphotograph of the entire TID90 dcmi@ shown in Fid. 217. Itis
equipped with 112 pads, divided into 7 rows of 16 pads.

This chapter contains results collected from the transidtod out within blocks A
and B, so only these blocks are considered here. The comet# transistors, their
types and sizes can be found in Talles 2.3[and 2.4.

Table 2.3: List of thin gate oxide transistors integrated on the TID@6tt
structure.

| Thin gate oxide devices

Transistor type Transistor dimensions
- regularVip, (NEETIs and PEETS) W/L =0.12um/0.10um
- low-Vih (NEETs and PEETS) W/L = 0.24pum/0.10pum
- triple-well (NEETs only) W/L =100um/0.10um

W/L = 10.0 xm/1.00pum
W/L = 10.0um/10.0pum
[ELTINMOS transistor W/L =2.78um/0.10um

2.4 Measurement methodology

The results presented in this chapter come from the measutermarried out at CERN
between 2009 and 2011. The test procedure applied to bopis ¢hID3 and TID90)
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Table 2.4: List of thick gate oxide transistors integrated on the TIDB&6t
structure.

Thick gate oxide devices |

Transistor type Transistor dimensions
- regularVy, (NEETls and PFETS) W/L = 0.36um/0.24um
- triple-well (NEETS only) W/L =0.72um/0.24um

W/L = 2.00um/0.10pum
W/L=10.0um/1.00pum
W/L =100um/10.0um
-[ELTINMOS transistor W/L = 3.10um/0.28um

is identical. First, thd-V curves of each transistor were accurately measured by the
HP 4145. Then, a properly biased chip was irradiated up tori@inedose. The full
test consisted of 13 — 15 steps, until the required] TID wasegel. For instance, in
order to reach the TID of 200 Mrad the chip had to be irradidtgdabout 80 hours.

All the required parameters (threshold voltage, leakageenty transconductance, etc.)
were extracted from the collected characteristics withadd MATLAB software. The
following 1-V curves were measured:

* atransfer characteristily; (Vgs) for a given value of drain-to-source voltagé);
and
* an output characteristity (Vps) for a given value of gate-to-source voltayg€).

Each measurement of a single transistor results inl{ducurves: two transfer charac-
teristics and two output characteristics. In order to meathe transfer characteristics, the
Vs Vvoltage was swept betweerD.2V and 15V, for two fixed values of drain-to-source
voltagesVpst = 20mV andVps = Vpp. Next, to measure the output characteristics the
drain-to-source voltage was swept from zero to supply geltdor two fixed values of
Ves

Tablesd 2.5 anfl 2\6 contain the voltage ranges and the vafdfe®d voltages used
by HP 4145 to measure tHeV curves ofn-channel transistors on both chips. For the
p-channel devices, the voltages of opposite polarity wepdieg.

2.4.1 Threshold voltage extraction procedure

Currently, each model used to describe the behaviour of a|M@Sistor contains a large
set of technological, electrical and adjusting paramet®ree of the fundamental param-
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Table 2.5: The voltage parametrisation of the NMDS transistors agdiethe
HP 4145 during the tests of 130 nm technology.

130 nm technology node

thin gate oxidé NFET

thick gate oxidé NFEIT

Transfer characteristi

Vese [-0.2V,1.5V]

J

Vese [-0.2V,25V]

"Vbst = 0.02V,Vpgp = L5V

Vps1 =0.02V,Vpe =25V

Output characteristics

 Vps€ 0.0V, 15V]

Vos € [0.0V, 2.5V]

" Vog = 1.0V, Vg = 15V

Ve =15V, Vg =25V

Table 2.6: The voltage parametrisation of the NMDS transistors agdiethe
HP 4145 during the tests of 90 nm technology.

90 nm technology node

thin gate oxidé NFET

thick gate oxidé NFET

Transfer characteristi

Vese [-0.2V,1.2V]

J

Vese [-0.2V,25V]

"Vbst = 0.02V,\Vpgp = 1.2V

Vps1 =0.02V,\pe =25V

Output characteristics

Vps € [0.0V, 1.2V]

Vos € [0.0V, 2.5V]

" Vgg =0.8V, Vg = 1.2V

Vs =15V, Vg =25V

eters is the threshold voltage. In the industry, during dobnology characterisation, the
value of\, must be extracted very precisely, otherwise it can causeuseissues in the
circuit operation. There are several methads [74] whicbvalihe Vi, extraction from
the current-voltage characteristics of a transistor. Tivihem were chosen for the data
analysis:

* the constant current (CC) method; and
* the extrapolation in linear and saturation region method.

Constant current method

This method is widely used mainly due to its simplicity. Thenstant current method
definesv;, as a gate-to-source voltage, corresponding to a certadefined and constant
drain currentip. This current is specified in the design manual and parametewith
the effective channel widti\e s and the effective channel length. These parameters
are defines as follows:

Weff :Wdes_ AW (2-5)
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and

whereWyesandLgesare the transistor’s channel dimensions set by a desigmA\d and
AL are the variations of channel width and length, respegtividiese values are specified
in the technology design manual [72], [75] for each type @lilablelMOSFET.

The specific drain current is defined as:

lIp] = 300 NA West/Lp, (2.7)

for n-channel devices and:
lIp| = 70NnA Wett/Lp, (2.8)

for p-channel devices.

In order to extract the threshold voltage value from thedfancharacteristic one has
to calculate the value of the drain current according to th@va formulas and find the
corresponding gate-to-source voltage.

Extrapolation in the linear region method

The extrapolation in the linear region method is anothemptnmand commonly used
method of threshold voltage extraction. The MOS transistbiased in the linear region
if the following conditions are fulfilled:

Ves>Vin  and  Vps< (Ves—Vin)- (2.9)

A general expression for the drain current, called the Salatsan, [76]:

W V2
Ip = UoCoxr Vbs(Ves—Vin) — % 7 (2.10)

can be simplified to Eq. 2.11, assuming very low drain-torsewoltage.

W
Ip ~ IJoCoerDs(Ves—Vth) (2.11)

The above equations predict that the drain current is adifgation of the gate-
to-source voltageMss) for a given drain-to-source voltages). Hence, the threshold
voltage can be found as an intercept of the tangent to thexiofiepoint of thelp-
Vs characteristic with th&gg axis. The inflexion point is found in a point where the
transistor transconductancgy) reaches its maximal value [77]. The result of g
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linear extrapolation method is shown in Hig.]2.8.

A
Ib - Ves
9~ Ves
tangent

»

VGS

L
Vth gm(max)

Figure 2.8: Threshold voltage extraction using the linear extrapotati
method.

Extrapolation in the saturation region method

In the saturation region, whe¥gs > Vgs— Vin, the drain current is described by a square
law:

1 W
Ip = EUOCOXT (Vos—Vin)?. (2.12)

By plotting the square root of the drain currefip as a function of the gate-to-source
voltage, one obtains a straight line [78]. From this poiet pinocedure is identical to one
presented in the previous case. The value of the threshdiigigeois found at the point
where the tangent to the inflexion point of igVgs curve intersects with thégs axis.

2.4.2 Leakage current and on-current extraction procedure

Another crucial transistor parameter, for which evolutigith the[TID must be investi-
gated is the leakage current. Its value can be extractely éasn the Ip-Vgs curve by
measuring the transistor off-state drain currégi:) atVgs= 0. Thely¢s is influenced by
many parameters [79], i.e. threshold voltage, channelipalydimensions, channel and
surface doping profile, drain and source junction depth,samgply voltage.

Finally, the maximum saturation on-curremgyj is a parameter that determines the
circuit driving capability. This parameter can be extrddi®m both, transfer (measured
in the saturation region) and output characteristic asthmadurrent [p) for the maximal
value of the gate-to-source voltage.
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2.5 Radiation tolerance of 130 nm CMRF8SF technology

This section contains the results collected from the TIB3 ¢hip fabricated in 130 nm
[CMQOS technology. Using an X-ray generator, block A of TID3ntining p-channel
transistors was irradiated up to a TID of 100 Mrad, while klIB¢ consisting oh-channel
transistors, up to 200 Mrad.

2.5.1 Transfer characteristics

Figures[2.9 and 2.10 show two families of transfer charaties measured for the
thin oxide minimum sizen- and p-channel transistor, respectively. According to the
considerations presented in the introduction to this adrapite TID is expected to have
a greater impact on the leakage current intfehannel transistor, than in the case of the
p-channel device.

This is consistent with the measurements. A twenty-five &bldnge in the measured
leakage current has been observed in an NRET0.16um, L = 0.12um), while in
case of a PFET of the same size the observed change is rouginthe® higher. Also
a higher increase in the subthreshold swing is measure@iNBhOS transistor.

104 4Thin gate oxide NMOS transistor (W/L = 160nm/120nm)

—TID=0
—TID = 100 krad
—TID = 300 krad
—TID =500 krad
—TID = 1 Mrad
TID = 2 Mrad
—TID = 3 Mrad
---TID =5 Mrad
---TID = 10 Mrad
---TID = 20 Mrad |
---TID = 30 Mrad
---TID = 50 Mrad
TID = 100 Mrad
‘ ‘ ‘ ---TID =200 Mrad

1 12 14

Drain Current in Saturation (! D) (VDS=1.5V) [A]

|
-0.2 0 0.2 0.4 0.6 0.8
Gate to Source Voltage Q,[s) V]

Figure 2.9: Evolution of the transfer characteristic with the TID for a
minimum size YW = 0.16um, L = 0.12um), thin gate oxide,n-channel
transistor manufactured in 130 nm technology node.
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Thin gate oxide PMOS transistor (W/L = 160nm/120nm)

—TID=0
—TID =100 krad
—TID = 300 krad ||
—TID =500 krad
—TID = 1 Mrad
TID = 2 Mrad
—TID = 3 Mrad
---TID=5Mrad |
---TID = 10 Mrad
---TID = 20 Mrad
---TID = 30 Mrad
---TID = 50 Mrad
‘ ‘ ‘ TID = 100 Mrad

1 12 14

Drain Current in Saturation (I D) (VDS=—1.5V) [A]

|
-0.2 0 0.2 0.4 0.6 0.8
Gate to Source Voltage (gs) V]

Figure 2.10: Evolution of the transfer characteristic with the TID for a
minimum size W = 0.16um, L = 0.12um), thin gate oxide,p-channel
transistor manufactured in 130 nm technology node.

Results shown in Fid. 2.11 and Fig. 2.12 are presented in dodeompare the
radiation tolerance of the thin and thick gate oxide transssmanufactured in the same
technology. The transfer characteristics have been meédor the minimum size
(W = 0.36um, L = 0.24um) n- and p-channel transistors biased to operate in saturation.
The increase of the leakage current in the thick gate oxidéSNtansistors is large, over
four orders of magnitude. Due to the decrease of the carmdility, the degradation of
the subthreshold slope and the gain is significant. The tiadianduced increase of the
leakage current in the thick oxide PHET is also visible butimsmaller, only one order
of magnitude at maximum doses.

2.5.2 Threshold voltage shift

The radiation induced threshold voltage shift is expecteddcur in all measured
transistors, regardless of their type. The threshold geltshift @Vi) is calculated as
the difference between the value of the voltage extracteoh fthe characteristic after
irradiation up to a certain dos#t|p), and its pre-irradiation valu®p prerad). Some of
the collected results are presented in Figs.]2.13] 2.18,éhd 2.16.
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Figure 2.11: Evolution of the transfer characteristic with the TID for a
minimum size YW = 0.36um, L = 0.24um), thick gate oxide,n-channel
transistor manufactured in 130 nm technology node.
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Figure 2.12: Evolution of the transfer characteristic with the TID for a
minimum size W = 0.36um, L = 0.24um), thick gate oxide,p-channel
transistor manufactured in 130 nm technology node.
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Among the thin oxiden-channel transistors (Fi§. 2/13) the biggest change of the
threshold voltage is observed for short channel devicese mhgnitude of the effect
decreases together with the transistor width, for instar®é, ~ —80mV for W =
0.16um, AVih, =~ —42mV for W = 0.64um andAVi, ~ —20mV for W = 2.0um. It
is also worth noting that this effect is almost negligible ienger transistorsl(= 1um
or higher), around-8 mV for[NFET withW /L = 10um/1 um. No notable change in the
value of\4y, of the[ELT is observed.

The thick oxide transistors are expected to be more seaditivthe[ TID effects
causing thevi, shift, than the transistors with the thin gate oxide. Thegmeetations
are confirmed by the results presented in Fig.12.14. In casieick gate oxide devices
a significant drop of the threshold voltage occurs immetliater the start of irradiation.
For the minimum size NFET the threshold voltage shift exs&80 mV. In the transistors
with highW /L ratios and transistors with long channels the effect besdess significant.
Above the TID of around 3-5Mrad the threshold voltage shift decreases again due to
the expected rebound effect. The value\wf;, measured at 200 Mrad is usually between
50— 100 mV.

The results obtained from the irradiation test of the thirdexp-channel transistors
are shown in Fig. 2.15. One should note that for relativelalsmloses, the threshold
voltage becomes more positive (its absolute value desgassulting in an unexpected
rebound in theéVi,, characteristic. For a minimum size MOS transistor the thokb
voltage can shift even by 40mV. Smaller rebounds are alseraed for other tested
short channel transistors, but the effect becomes lessisagt together with the increase
of the transistor width. After exceeding the dose of aroumtdd the absolute value of
the threshold voltage increases, resulting in the shifvbeh 6 mV and 40 mV at TID of
100 Mrad.

Figure[2.16 presents the results collected from the meamneof the thick oxide
transistors. All short channel devices suffer from iy \egh threshold voltage
shift (between 330mV and 370mV measured at 100 Mrad). THedbserved in long
channels (1im and above) is 100mV—-150 mV lower.

2.5.3 Leakage current

The leakage current is considered to be a very serious isspecially in[NMOS$
transistors fabricated in p-type silicon wafer, but according to the results collected
from the TID3, leakage current can also occur in thick gatel@PMOS transistors.
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Figured 2.1I7, 2.18 arid 2J19 present the measured evoltite deakage current with
the[TID in thin and thick gate oxide-channel transistors, and thick gate oxj@ehannel
transistors, respectively.

Figure[2.17 shows the evolution of the leakage current inthitregate oxidé NFEITs.
One can immediately notice that the pre-irradiation valtiéhe leakage current in all
the narrow transistors is low, in the range of few hundredpAf In the case of longer
transistorsl{ = 1 um andL = 10um) the pre-irradiation value is one order of magnitude
higher. The rapid increase of the leakage current occuza@dyrabove tHe TID of 100 krad
with the maximum at around 30 Mrad — 50 Mrad. Typically, therease is in the range of
one order of magnitude for short channel transistors andaibf 2.5 — 3 for transistors
with a long channel. The leakage currentin ELT is constaspiie the TID.

As expected, the increase of the leakage current is muclehigithe case of the thick
gate oxidé NFETTs (Fig. 2.18). Although, the initial, preattiation values are low, below
10 pA for all the measured devices, the overall change cam@a 4 orders of magnitude
for short channel transistors. The thick gate oxide traogswith long channels are less
sensitive to thé TID effects and this results in the leakageeat increase only by two
orders of magnitude. No change in the value of the leakagemiis observed in case of
the thick gate oxide ELT.

The initial value of the leakage current for small trangists on the level of single
pAand few tens of pAfor longer transistdrs 2.19. The thictegaxide PMOS transistors
behave normally (no change in the leakage current) up tonardMrad. Above this
value a monotonic increase of the leakage current is obderbe change is however
very small, in the range of one order of magnitude. The pwathiation value of the
leakage current is still below 1 nA.

2.5.4 On-current

The on-currentlgy), or equivalently the on-resistancBof), of a transistor can signifi-
cantly change with the TID. The on-resistance is a MOSFEamater which is mainly
responsible for power losses in the switches commonly us&il-DC converters. The
decrease of the on-current means the increase of on-resestand hence increase of
power losses. This issue will be discussed in detalil in the deapter. A percentage
change of the on-current is defined in the following way:
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Alon _ lon(TiD) — lon(prerad) .100% (2.13)

Ion(prerad) Ion(prerad)

wherelonT1p) IS the value of the on-current measured for a given transasta for a given
dose, Whil€lonprerad) IS its pre-irradiation valuel gt p) for TID = 0).

Figure[2.20 presents how the on-current evolves with[ihg ififested thin gate
oxide n-channel transistors. The on-current depends on the vélug,ahus according
to Fig.[2.13, short channel transistors are going to be t&ffemore strongly than long
transistors. This is fully confirmed by the obtained testitss For the minimum size
NEET], the value 0fMlon/lon(prerad) €Xceeds 10% for a dose of 5Mrad. For high doses,
lon Starts decreasing. This occurs due to charge trapped ini i3 interface, which
affects thevi, of the[NFETSs.

The effect of on-current change is clearly visible in theckhgate oxiden-channel
transistors (Figl_2.21), obviously due to a higher thredhalltage change. A small
increase ofly, is observed for small doses, while for high doses the oreourstarts
to drop quite rapidly. Depending on the transistor size peentage change measured
at the dose of 200 Mrad is between 12% and 18 %, with respettet@re-irradiation
value of the on-current.

The evolution of the on-current in irradiated thin gate @qechannel transistors is
shown in Fig[2.22. As expected, the minimum size transisgad for the test tends
to be the most sensitive device among all of them. The valull &ff1onpreraq) in this
case can vary between arourd % and—16 %. In short channel devices, after an initial
drop, the absolute value of the on-current abové the TID ofdd\tarts decreasing in all
transistors. Wider transistors and transistors with ting lchannels are less sensitive.

A strong effect is observed in thick gate oxide PFETs (Fi@3R. In general, as
expected the short channel transistors are affected thewibsthe percentage change
reaching—30%. The transistors with long channels are less sensitigejever the
measuredlon/lon(prerad) iS Still big (around—-20%). A small rebound around 500 krad
is related to the rebound observed¥t;, characteristic shown in Fig. 2./16.



2.5 Radiation tolerance of 130 nm CMRF8SF technology

0.02

-0.02 ! . i ’ - e 6 . : ¢ 8

-0.06

in saturation [V]

--NMOS (W=0.16um, L=0.12um
--NMOS (W=0.32um, L=0.12um
--NMOS (W=0.48um, L=0.12um
--NMOS (W=0.64um, L=0.12um
—--NMOS (W=0.80um, L=0.12um)

NMOS (W=2.00um, L=0.12um
—0.12/=NMOS (W=10.0um, L=1.00um .
-=NMOS (W=10.0um, L=10.0um

= -0.08

AV

-0.

=
1

01 ~+~NELT (W=2.82um, L=0.12um o ‘Thin gate oxide NMOS transistor# |
=U. T T T T W ——— | I i R A R i | T T T T T |
10° 10° 10 1¢°
TID [rad]

Figure 2.13: Evolution of the threshold voltage shiff\{;n) with the[TID for
thin gate oxiden-channel transistors manufactured in 130 nm technologg nod

0.15 s —
| | Thick gate oxide NMOS transistor§
=
- |
S
©
g |
3
2]
£
s -0.1f, g
2 -~-DGNMOS (W=0.36um, L=0.24um
~DGNMOS (W=0.50um, L=0.24um
-0.15- —~-DGNMOS (W=0.80um, L=0.24um
—~-DGNMOS (W=2.00um, L=0.24um
—02- ~DGNMOS (W=10.0um, L=1.00um
DGNMOS (W=10.0um, L=10.0um
~-DGNELT (W=3.06um, L=0.26um
_02 ‘5 ‘ ‘ “““‘6 ‘ ‘ “““7 8
10 10 10 10
TID [rad]
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Figure 2.19: Evolution of the leakage currenldzy) with the[TTD for thick
gate oxide p-channel transistors manufactured in 130 nm technologg.nod
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Figure 2.20: Percentage change of the on-currelgh)(with respect to its
pre-irradiation value as a function of the TID for thin gatdd®, n-channel
transistors manufactured in 130 nm technology node.
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Figure 2.21: Percentage change of the on-currelgh)(with respect to its
pre-irradiation value as a function of the TID for thick gatdde, n-channel
transistors manufactured in 130 nm technology node.
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Figure 2.22: Percentage change of the on-currelgh)(with respect to its
pre-irradiation value as a function of the TID for thin gatede, p-channel
transistors manufactured in 130 nm technology node.



66 Radiation tolerance of deep submicron technologies

‘Thick gate oxide PMOS transistors-

q

&

on
|
[6)] i

|
N
o

|
AR
—

|
N
o

~DGPMOS (W=0.36um, L=0.24um)
5 -~—DGPMOS (W=0.50um, L=0.24um

~+DGPMOS (W=0.80um, L=0.24um
~-DGPMOS (W=2.00um, L=0.24um
~30) +-DGPMOS (W=10.0um, L=1.00um)
DGPMOS (W=10.0um, L=10.0um
_31:\ L L R T S | L L N S T S | L L N S S S |
10° 10° 10’ 10°
TID [rad]

Percengage change of | [%]

|
N

Figure 2.23: Percentage change of the on-currelgh)(with respect to its
pre-irradiation value as a function of the TID for thick gatdde, p-channel
transistors manufactured in 130 nm technology node.

2.6 Radiation tolerance of 90 nm CMOS9FLP/RF tech-
nology

Although the TBM 90 nni_ CMOS process is not currently considergdn option for the
electronics upgrade in the futdrellD, performing the iredidin tests helps to understand
the evolution of the intrinsic radiation tolerance with tieehnology scaling. The chip
used in the test has already been presented in Séction ZBelblock A of the TID90
containing PMOS transistors was irradiated up foal TID of &@é&d, while the NMO$S
transistors up to TID of 50 Mrad.

2.6.1 Transfer characteristics

Figures[2.24[ 2.25, 2.26 and 2/27 show the transfer chaistate measured for the
minimum size thin and thick gate oxigse and p-channel transistors.

The Ip-Vgs curves presented in Fig. 2124 were measured for the thin gatie n-
channel transistor witkV/L ratio of (W = 0.12um, L = 0.10um). The leakage current
measured afgs= 0 increases by five orders of magnitude during irradiatimmfaround
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0.4 pA up to around 120nA. However, it is worth noting that théueaof the leakage
current is lower (by three orders of magnitude) than in treeaz minimum size NFETSs
fabricated in the 130 nm process.

The minimum size thin gate oxidp-channel transistor (Fig. 2.25) is almost com-
pletely insensitive to the radiation effects causing theat@n of the leakage current.
Only a two-fold increase of the leakage current is observebtlae post-irradiation value
(at 200 Mrad) still remains in the range of few pA.

Figure[2.26 shows the evolution of the transfer charadters the minimum size,
thick gate oxidé NFEIT. A measured increase in the leakagermuis very high, around
six orders of magnitude, with a maximum around[the TID of 2d4riérom the presented
plot a degradation of the subthreshold slope factor is désrly visible.

The family of Ip-Vgs curves measured for a thick gate oxipehannel transistor is
shown in Fig[2.2]7. The measured leakage current incregseegolorders of magnitude,
ten times more than in the case of the minimum size transiséoufactured in 130 nm
technology. The shift of the characteristics due to thestho#l voltage shift is also clearly
visible.

Thin gate okide NMOS tfansistor (W/L = lZOnm/ldOnm) —

—TID=0
—TID = 100 krad
—TID = 300 krad]|
—TID = 500 krad
—TID = 700 krad
TID =1 Mrad
—TID =2 Mrad ||
---TID = 3 Mrad
---TID = 5 Mrad
---TID = 7 Mrad
---TID = 10 Mrad ||
---TID = 20 Mrad
TID = 30Mrad
14 ‘ ---TID = 50 Mrad

0.8 1 12

Drain Current in Saturation (I D) (VDS=1.2V) [A]

2 0.4 0.6
Gate to Source Voltage Q{s) V]

Figure 2.24: Evolution of the transfer characteristic with the TID for a
minimum size YW = 0.12um, L = 0.10um), thin gate oxide,n-channel
transistor (90 nm technology node).
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Figure 2.25: Evolution of the transfer characteristic with the TID for a
minimum size W = 0.12um, L = 0.10um), thin gate oxide,p-channel
transistor (90 nm technology node).
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Figure 2.26: Evolution of the transfer characteristic with the TID for a
minimum size (W = 0.36um, L = 0.24um), thick gate oxide,n-channel
transistor (90 nm technology node).



2.6 Radiation tolerance of 90 nm CMOS9FLP/RF technology 69

=
o

ﬁThick‘ gate oxide PMdS transistor (W/L = 360nm/240nrﬁ) -

—TID=0
—TID = 100 krad
—TID = 300 krad
—TID =500 krad
—TID = 700 krad
TID = 1 Mrad
—TID = 2 Mrad
---TID = 3 Mrad
---TID =5 Mrad
---TID = 7 Mrad
---TID = 10 Mrad
---TID = 20 Mrad
TID = 30 Mrad
---TID = 50 Mrad
-=TID =100 Mrad
-=TID =200 Mrad

25

|
o

=
o

Drain Current in Saturation (I D) (VDS=—2.5V) [A]
=
o

1 1.5
Gate to Source Voltage (gs) V]

Figure 2.27: Evolution of the transfer characteristic with the TID for a
minimum size W = 0.36um, L = 0.24um), thick gate oxide,p-channel
transistor (90 nm technology node).

2.6.2 Threshold voltage shift

The transistors manufactured in the 90nm process are higldgeptible to the TID
effects. The evolution of the radiation inducdg shift measured for the transistors laid
out on the TID90 test chip is presented in Figs. 2.28,12.28) and 2.31.

Figure[2.28 shows the evolution of the threshold voltagé shthe thin gate oxide-
channel transistors. Thg, shift observed for a minimum size transistor exceeds 100 mV
and itis 10 mV higher than the shift measured for the minimuze gansistor fabricated
in 130 nm technology. The measurement confirms again thatithienum size transistors
are the most sensitive to the radiation induced threshdtdg® shift. The shift observed
in long transistorsl{ = 1 um and higher) is in order of a few mV, so almost negligible.

The results collected from the measurements of the thick@datd NMO$ transistors
are shown in Figl 2.29. One can immediately note the shifsedwy the ionising
radiation for this technology is larger than for the prewlyudiscussed process. The
threshold voltage measured for the minimum size NMOS tsamisis 640 mV, which is
more than a half of the nominal supply voltage foreseen figrtchnology. As expected,
the Vi shift decreases with the increase of the width of the tramsgAV;, ~ 590 mV for
W = 0.72um andAV;, ~ 50 mV forW = 10um). transistors with longer channels
are affected to a lesser degree. In this case the measuesthdiat voltage shift is only
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around 20-40mV.

TheV;, characteristics of the thin oxide-channel transistors are shown in Fig. 2.30.
The minimum size transistor suffers from the highest sHit2mV. In longer transistors
(L=1um and L=1Qum) the measured shift is around 25mV. For PFETs with constant
width (W = 10um) the effect scales down insignificantly with the increakste channel
length.

The threshold voltage shift measured for the thick gate@gidhannel transistors is
presented in Fig. 2.31. The absolute valuggktarts to increase rapidly above the TID of
1 Mrad. The shift of the threshold voltage measured for theimmim length transistors
at[TID of 200 Mrad is between 450mV and 500 mV. Transistor©iwonger channels
behave slightly better, but the measured shift is still \i@gh, around 400 mV.

2.6.3 Leakage current

The leakage current evolution with the TID measured for the and thick gate oxide
transistors laid out on the TID90 chip is shown in Figs. 2B23,2.34. Due to the fact,
that no significant effect on the leakage in thin gate opeshannel transistors has been
observed, they have been omitted in this section.

Figure[2.32 shows the leakage current characteristicsedfitadiated thin gate oxide
n-channel transistors. One can note a very low pre-irraghatakage current in short
transistors which is below 1 pA. These values are roughlydwders of magnitude lower
comparing to the results from the 130 nm process. The leakagent measured in long
[FEETs € = 1um andL = 10um) before irradiation is 6 nA and 4 nA, respectively. This
is half of the 10nA measured for the identical transistorshia previously discussed
technology. The leakage current in thin gate oxide NFETseswes rapidly after the
start of irradiation and reaches its maximum value at the dfiBround 1- 2 Mrad. The
biggest increase was measured for the minimum size dewoerders of magnitude, and
for the transistor witW /L = 0.24um/0.10um, four orders of magnitude was measured.
The measurement of the ELT leakage current shows that itmmeshange with the dose.

Results collected from the measurements of the thick gatleoxchannel transistors
are shown in Fid. 2.33. As expected, also in this case theaserof the leakage current
is significant, with a maximum around the TID of-12Mrad. The radiation induced
increase of the leakage current is between five and six oafemsagnitude in almost
all tested transistors, and reachgsAlL Only in the case of the device with the long
channel L = 10um) was the difference between the pre-irradiation and theirman
value limited to four orders of magnitude. Similarly to théntgate oxide transistors, also
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in case of thick gate oxide ELT, no change in the leakage wasrgbd.

A small increase of the leakage current at high doses hadvakwoobserved in thick
gate oxidd PMOS transistors. The results are presentedyii2B84. The initial (pre-
irradiation) value of the leakage current is very small (ef brder of a few or a few tens
of pA). Due to radiation this value can increase by 1-2 ordéraagnitude, depending
on the transistor dimensions.

2.6.4 On-current

The on-current is the last transistor parameter for whiehd¥olution with the TID is
presented in this chapter. The results collected from thasomements of the regular-
Vih thin and thick gate oxide NFETs ahd PEETSs are presented m[Eig5] 2.36, 2.37
and2.38.

The results shown in Fig. 2.B5 prove that the radiation iedueariation of the on-
current in thé NMOS devices is a very serious issue. The wbdezhange in the case
of the minimum size transistor reaches up to 20% af the TID-ebMrad. The long
transistors and the ELT are not susceptible to thel TID, hewavsmall drop of 2% is
observed for very high doses (50 Mrad).

The on-current depends on the threshold voltage, hencdféu ef radiation induced
variation of on-current is expected to be much larger in thiekt gate oxidd NFE[Ts
(Fig.[2.36). Due to the decrease\gf at lower doses, the on-current increases and reaches
maximum around TID of 2 Mrad. For doses higher than few Mraddh-current starts
to decrease. The highest variation is observed in the mimirsize transistor (between
+14% and—8%). Thely, characteristics measured for long channel transistorflatre
but above 10 Mrad a rapid drop has been observed.

Figure[2.37 shows the evolution of the on-current in the tiate oxidep-channel
transistors. In all measured devices the on-current temdsonotonically decrease with
the[TID. Typically, the smallest device is the most susdagtio the ionisation effects,
thus percentage changelgf reaches-25%. The effect is reduced with the increase of
the channel length. The measuld,/lon for transistors withl > 1 um is only about
—5%.

A large monotonic drop of the on-current has been observedhfok gate oxide
transistors (Fid. 2.88). The measured variation otument at 200 Mrad, in
comparison with the pre-irradiation value is as high-d€ % for the minimum size device
and—37 % for the long transistor.
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Figure 2.28: Evolution of the threshold voltage shiff\{;n) with the[TID for
thin gate oxiden-channel transistors manufactured in 90 nm technology .node
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Figure 2.29: Evolution of the threshold voltage shifhV;n) with the[TID for
thick gate oxiden-channel transistors manufactured in 90 nm technology.node
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Figure 2.30: Evolution of the threshold voltage shiff\{;n) with the[TID for
thin gate oxidep-channel transistors manufactured in 90 nm technology .node

-~-DGPMOS (W=0.36um, L=0.24um Thick gate oxide PMOS transistor#

5/--DGPMOS (W=0.72um, L=0.24um)) - : e

—--DGPMOS (W=2.00um, L=0.24um

--DGPMOS (W=10.0um, L=0.24um

—~—DGPMOS (W=10.0um, L=1.00um i
DGPMOS (W=10.0um, L=10.0um

10 10 10 10
TID [rad]

Figure 2.31: Evolution of the threshold voltage shift\\;) with the[TID
for thick gate oxide p-channel transistors manufactured in 90 nm technology
node.
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Figure 2.33: Evolution of the leakage currenkd;y) with the[TID for thick
gate oxiden-channel transistors manufactured in 90 nm technology.node



2.6 Radiation tolerance of 90 nm CMOS9FLP/RF technology

75

Leakage current (1) [A]

on

Percengage change of | [%]

2

N
o

-
.

1 0—12 i

—-+—DGPMOS (W=0.36um, L=0.24um
-~+DGPMOS (W=0.72um, L=0.24um
—--DGPMOS (W=2.00um, L=0.24um
-~-DGPMOS (W=10.0um, L=0.24um
--DGPMOS (W=10.0um, L=1.00um)
DGPMOS (W=10.0um, L=10.0um

[ — ‘Thick gate oxide PMOS transistor$ 1

prerad iOS | iOB | iO7 | iOB
TID [rad]
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Figure 2.35: Percentage change of the on-currelgh)(with respect to its
pre-irradiation value as a function of the TID for thin gated® n-channel
transistors manufactured in 90 nm technology node.
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Figure 2.36: Percentage change of the on-currelgh)(with respect to its
pre-irradiation value as a function of the TID for thick gatdde, n-channel
transistors manufactured in 90 nm technology node.
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Figure 2.37: Percentage change of the on-currelgh)(with respect to its
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transistors manufactured in 90 nm technology node.
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2.7 Conclusions

The results shown in the previous sections represent ontgdidn of data collected
from the TID3 (130 nm process) and TID90 (90 nm process) chijing the performed
irradiation tests. In order to show only the main trends engbst-irradiation behaviour of
the transistors, the regul¥yy thick and thin gate oxide FETs have been discussed here.
This chapter gives a brief overview of the pre- and postiation technology
performance. The presented results allow for a comparistdmed®0nm and the 130nm
processess. At the same time they show that the intriadiation tolerance does
not always scale down with the lithography node. The mairckmons coming from the

collected data are following:

1. The voltage threshold shift is observed to be higher indhem CMOS$ process.
For example, the maximuy, shift measured for the minimum size thin gate oxide
[NFET is 15mV higher than for a similar transistor laid out db3. The variation
observed in the thick gate oxide NMOS transistors is mudfelaup to 440 mV.

2. The leakage current in 90 im CMDS is systematically higlyesimut one — two
orders of magnitude in comparison with the 130nm process. if&tance, the
leakage currents measured in the small thin and thick gadie dansistors (90 nm)
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are as high as 100nA andu®, respectively. However, one should note a very
low initial (pre-irradiation) value of the leakage currettthe level of pA for this
process.

3. The radiation induced variation of the on-current is at&we significant in thie IBM
90 nm technology. In the small thin gate oxide NFE{ rises by about 20 %, two
times higher than in 130nm. The largest change is observed0d¥irad for thick
gate oxidé PMOSS transistors, maximatB80 % and—35% in 130nm and 90 nm,
respectively.

The worse radiation tolerance of the transistors fabrit@ethe 90nm process is
caused by the fact that although the minimum channel lerfgiliton gate oxide transistor
has been reduced from 130 nm down to 100 nm, the oxide thiska@educed only from
2.2nm to 21 nm. Additionally, the thickness of the STI has been inceddsom 035um
to 0.43um, causing the significant increase in the leakage currehe mieasurements
showed that the maximum leakage at 5Mrad in a minimum sizannel transistor
iIs 5nA and 30nA for the 130nm and 90 nm process, respectivitgse numbers are
significant if one considers a digital chip comprising huett of thousands of devices.

The better performance of 130nm process manifests in loweshold voltage
shift, lower leakage current variations and smaller chang@n-current (on-resistance).
However, comparing the pre-irradiation performance, therfl process wins, mainly due
to a very low leakage current.

In summary, one can formulate a set of rules which should pkeajto future designs,
in order to improve their radiation tolerance:

» Thin gate oxide transistors are much less susceptibleDotian thick gate oxide
devices. Thick gate oxide devices should be avoided, untltessare absolutely
required.

« All transistors with short channels (thin and thick gatedexn- andp-channel type)
are affected more strongly by the Total lonizing Dose effecthe undesirable
threshold voltage shift and the leakage current can befgigntly minimised by
increasing the transistor channel length.

* Minimum size transistors of all kinds should be avoided ttueir high sensitivity
to[TIDL

« The[ELTs are significantly less sensitive to radiation dgeneaused by TID. No
increase in the leakage current is observed infanyl ELT at esg.dThey however
do still suffer from the threshold voltage shift and the &#idn of the on-current.



Chapter 3
Switched capacitor DC-DC converters

There are two different switched capacitor {SC) DC-DC comredtesigns presented in
this dissertation; a step-up and a step-down converteremergl, a switched capacitor
DC-DC step-up converter is a circuit providing the outputagé higher than the input
voltage. The step-down $C DC-DC converter provides the awgtage lower than the
input voltage.

The switched capacitor DC-DC converters are planned to bet indgoth alternative
powering schemes currently being developed for the ATLAftrDetector after the High
Luminosity Upgrade. In particular, switched capacitor DC-Donverters are critical
components, which have to be implemented in the same temipak used in the front-
end electronics, i.e. 130Mm CMOS as currently assumed.

In this chapter, the main types of power losses occurring ssiachinglMOSFET
and the designs of two switched capacitor DC-DC converterpiaasented, together with
results obtained from simulations and measurements.

3.1 Power losses in switching MOSFETSs

A design of any type of a power converter is usually driven bg fundamental parameter,
l.e. the power efficiency. Power efficiency, denotedr‘m@, is the ratio between the
available output powePoyT) and the total input powel”(y), delivered to the circuitry

(Eq.[3.1).

Pout
= 3.1
np P (3.1)

In an ideal case, the total input power delivered to a cirand the output power

IPower efficiency is here denoted hy to avoid the confusion with the pseudorapidity.
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should be equal, resulting in a power efficiency of 100 %. Tiowever is never the case
due to power losses occurringin MOSEET switches and parasinponents. Figufe 3.1
shows the topology of such a non-ideal DC-DC power converter.

P P
IN|:> DC-DC |:> ouT
CONVERTER
L Ross

Figure 3.1: Power budget in a DC-DC converter.

Power loss B osg is defined as a difference between the total input and tofiziud
power, and can be expressed as a function of power efficiéey3(2). It is worth noting
that power losses not only affect the efficiency of the caerebut they result in heat
generation, which may degrade the overall reliability & tievice.

1
PLoss= PN — Pout = PouTt (@ — 1) (3.2)

Switchingf(MOSFETSs are usually the main source of power bas@owel ASICs.
Power loss occurs mainly due to the non-zero on-resistartparasitic gate capacitance
of the switch. One can distinguish the following types ofskes [80] occurring in
a switching MOS$ transistor:

* conduction loss; and
* switching loss.

3.1.1 Operation principle of the switched capacitor DC-DC step-up
converter

A schematic diagram of a simple switched capacitor DC-DC edry [81], called charge
pump, is shown in Fig._3l2. In the simplest configuration t@verter consists of
a capacitolCp and three switchesS{(, S, S3). In order to introduce the loady() into

the circuitry, the charge pump must be modified by addingleratwitch §;) and the
output capacitanceZ(). The switches are open or closed, depending on the clockepha
and the capacitors play the role of charge reservoirs.
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Figure 3.2: Schematic diagram of the voltage doubler with a resistiagl lim
a charging (a) and discharging phase (b).

The switching period is divided into two phases. During thstfphase (Fid. 3.2a),
the capacito€p is connected between the input voltage and the ground, ardetiQ =
Vop -Cp. Then, during the second phase (FFig. 3.2b), the bottom pfda@e is connected
to Vpp and the top plate to the output. The capacitar@@eandC, are in series and the
maximum output voltage is equal to\&yp. The load current sunk by the load resistor is
equalloyt = VouTt/RL.

One should also note that due to the continuous process ajingaand discharging
the capacitors voltage ripples occur at the output of thegehpump circuitry. However,
by making the output capacitance sufficiently large one ealuce their amplitude to
a negligible level in comparison with the mean value of thipatvoltage.

3.1.2 Operation principle of the switched capacitor DC-DC step-
down converter

A schematic diagram of a simple two-stage switched capa&@G-DC step-down
converter([82] is shown in Fig. 3.3. The basic topology offsacconverter comprises
four series switches, denoted &sthroughS;, and two capacitances: a so-called flying
(floating) capacitanc€x and a load capacitandg . The conversion ratio is defined
as a relation between the maximum output voltage and inpitig® In many cases
a conversion ratio higher than two is required. Such malgistconverters are described
in [83] and [84]. They allow obtaining the maximum outputtagle being n-times lower
than the input voltage. The presented converter has a ciameratio of 1/2.

The switching period is divided into two intervals: chagignd discharging. During
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Figure 3.3: Schematic diagram of the switched capacitor DC-DC conwerte
during the charging (a) and discharging interval (b).

the charging phase (Fig._3]3a) switct&sand S; are closed and the flying capacitance
is charged from the supply voltage. During the second, digghg phase (Fid. 3.8b),
switchesS, andS; are closed causing the flying capacitafgeto be discharged into the
load.

Due to the presence of the load the voltage ripples are obdeat the output of
the converter. The peak-to-peak value of ripples dependthervalue of the output
capacitance and can be significantly reduced by incre&ing

3.1.3 Conduction loss

The conduction loss in @ MOSFET switch is due to its non-zeraesistance Rop).
Assuming thé MOSFET switch operation in an active regioner@Nps < Ves— Vih,
and using the small signal model of the transidiRgp, can be expressed as:
-1

Ron = 122 = (X2 (vos—i) | (3.3)
whereVps is drain-to-source voltagép is drain currentp is carrier mobility,Cox is gate
capacitance per unit ared//L is width to length ratio of the transistor aMds— Vi, is
overdrive voltage. The above formula is an ideal model axipration. In fact,Ry, is
described by a more complex equation containing e.g. diffusesistance of source and
drain, resistance of contacts and metal lines. It is alspé&ature dependent.

According to Joule’s first law, the conduction lo$k)in a[MOSFET switch([80] is
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given as:
Pr= Ign(rms) *Ron, (3.4)

wherelonms) is alRMS value of the drain current.

In order to keep the conduction losses low the on-resisthasdo be kept as low as
possible. To achieve this, the designer should increas®VtHeratio of the transistor,
but at the same time he must not forget to keep the overdriltag® high. N-channel
transistors would also be preferred oyechannel devices, due to higher carrier mobility.

Conduction loss due to a capacitor’s parasitic Equivalent Sges Resistancel(ESR)

The non-zero on-resistance of the MOSFET switches is tha mainot the only source
of conduction losses in the circuitry. The conduction logchanism leads also to power
loss in the parasitic Equivalent Series Resistance of thaoitaps used in the design.
PowerPg, given by Eq[3.b, is lost due to a non negligible resistamcéhe external
capacitors and metal wiring on the chip:

Pe =18yt Resr (3.5)

whereloyT is the output (load) current arféesris the sum of the parasitic equivalent
series resistances of the capaci©gsandCy.

3.1.4 Switching loss

The power loss optimisation procedure is based mainly omguthe W /L ratio of the
switches and the switching frequency.

There are several different mechanisms leading to poweseosluring MOSFET
switching [85]. One can divide them into losses occurring ttucharging and discharging
of the gate capacitance and losses strictly dependent doatie

Gate drive loss

The gate drive losses are caused by the charging and disohaifgghe gate capacitance
in a[MOSFET switch[[86]. Figure 3.4 shows a schematic diagoéia circuit used for
Cg estimation[[87]. The resistance denotedrgss unavoidable and can be identified as
a sum of the drain spread resistance and the resistance wietfa¢ traces. Its value can
vary between few tens of @up to a fewQ, depending on the layout and the size of the
transistor.
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Figure 3.4: Schematic used to model the gate capacitance.

By definition, the energy stored in a capacitor is equal to tbhekwlone to charge it.
Hence, assuming the switching frequerfgy the expression for the power dissipated in
order to charge the gate capacitance can be written as fllow

P = Qs -Vop - fs=Cg "Vi5p - fs, (3.6)

whereQg is the total charge accumulated on a gate capacit@g@ndVpp is the driver
supply voltage, which in this specific case is equa¥ge. Equatiori 3.6 also shows that
gate drive loss is frequency dependent. This becomes arréaskeeping the switching
frequency low.

There are two main components@f, namely: gate-to-source capacitanCed) and
gate-to-drain capacitanc€s).

The simple circuit shown in Fig. 3.4 is a common source inrgramplifier. Hence,
a total dynamic capacitance seen from the gate towards #ne afrthe transistor will be
increased due to the Miller effect. An overall gate capaci¢as expresses as a sum:

Cc (Ves Vbs) = Cas(Vas) +Cap (Vep) [1+ Ay (Vs Vbs)] (3.7)

whereA, (Ves, Vbs) = —0Vps/dVGs, is the gain of the amplifier.

Switching loss due to non-zero switching time of the MOSFEIT

The switching loss occurring due to turning the semiconatustvitch on and off )
should also be taken into account in the power budget of akedt capacitor DC-DC
converter. Itis proportional to switching frequendg); switching time {swont+ tswof ),
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source-to-drain voltagé/fs) and drain currentlf) [88]. This dependence is shown in

Equatiori 3.8.

Ps= %VDS'lD' (tsworrt tswof1) - fs (3.8)
The above equation implies some important conclusionsstl¥ithe switching loss is
directly proportional tofs. This means a better power efficiency of a converter could
be obtained for lower switching frequencies. Secondly, grolest in the circuitry is
dependent on the switching time, so the faster the rise alhdirfees the lower the
switching loss. There is also an implicit dependence batvwtbe switching loss and
the total gate capacitance. Big transistors used in ordeirtomse the conduction losses
have large total gate capacitan€g). To charge this large capacitance one needs more

time which according to EQ. 3.8 increases the switching loss

Diode reverse-recovery loss

In this section the influence of the parasitic source/drailk punctions on the power
efficiency of the converter is discussed.

This type of power loss occurs due to a source/drain bulk eli@Verse-recovery
mechanism [[89] and can be described as follows. Before thdedmoves from
conduction to reverse-biased, minority charge, depenaietie forward current, stored
in the junction must be removed. This can occur by passiveovamthrough the
recombination process. The remaining charge is removadebcthrough negative
current flow. Hence, for a very short time (called the reveesevery time or dead time)
the diode remains forward-biased, causing power lossé®iMOSFET.

The diode reverse-recovery loss€p ) can sometimes significantly contribute to the
power budget of converters switching large currents in tstiore intervals and can be
expressed as follows:

Po=2Vk:lp-t -fg, (3.9)

whereVk is the body diode forward voltage drdp, is the drain (output) current, is the
body diode conduction time anfg is the switching frequency [90].

3.1.5 Power losses due to the shoot-through mechanism

One should also note that power loss in switching circuity mecur due to cross
conduction or shoot-through [91]. Typically, a power camee containd MOSFET
switches connected in series between the supply voltagehendround. The shoot-
through can be defined as the conduction state when both sé theitches are fully
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or partially turned on. The shoot-through can be efficiemiiypimized or avoided by
introducing a dead time (both switches fully turned off)vae¢n the alternating clock
signals used to drive thHe MOSFETs. The dead time must be isuffi¢ long in order

to assure that the on-states of the switches never overldps ¢ckn be achieved by
introducing a non-overlapping clock generator into theveoter circuit. The practical
solution to this will be discussed later on.

3.1.6 Additional losses due to radiation effects in semiconductor
devices

A power efficiency drop is expected to occur in switched capa®C-DC converters
after irradiation due to a threshold voltage shift and iaseeof the leakage current. The
leakage, however, can be minimised using special layohhtquaes, i.e._ELTs.

Both of the presented converters were laid out using onlﬁ@"@eometry transistors.
Despite that fact, some additional precautions were takender to minimise the leakage
current and the transistor latch-up, a radiation inducéecefvhich can be potentially
destructive in power electronics. In particular, the trstoss were protected by increasing
the spacing between them and addjpigguardrings.

The thick gate oxide transistors are especially affectedheyTID. The threshold
voltage shift is higher resulting in a significant increas¢he switchRy, (Eq.[3.3) and
conduction losses.

Radiation induced increase of the leakage current changesftttharacteristic of
the[MOSFET switch. The increase of leakage current resultse decrease of the off-
resistance and a loss of charge collected on capacitors.

3.2 Design of a switched capacitor DC-DC step-up con-
verter in 130 nm|(CMQOS technology

The presented switched capacitor DC-DC step-up conversdrd®n designed taking into
account the requirements for the analogue power supphhéfront-end circuitry in the
[ABCN-13 chip. The topology of the converter is based on a atatsboncept of a charge
pump [92]. As shown in [93] this concept can be implementéatikely easily if CMOS$S
technology and very often is employed for generation of vgltage in battery powered
devices. However, the typical required output currentsichscircuits are limited. Thus,

2Transistors that have been laid out without using any deéeficediation tolerant layout technique.
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a very high power efficiency, beyond 90%, can be obtained,ohiyt in a low power
application. The output current required to supply the tiemd electronics in ABCN-13
is around 30mA. This requirement implies that although tbkage doubler can be
implemented on a silicon die, external Surface Mount De(@MeD) capacitors have to
be used.

The design requirements for the switched capacitor DC-D@-sgeconverter are
summarised in Table 3.1.

Table 3.1: The list of requirements for the design of the switched capac
DC-DC step-up converter.

Parameter Requirement#
Input voltage 0.9V
Output voltage 15Vv-16V
Maximum output voltage ripple < 10mV
Nominal output current 30mA
Power efficiency > 80%

3.2.1 Architecture of the proposed switched capacitor DC-DC step-
up converter

A schematic diagram of the developed voltage doubler [94himwn in Figl 3.6. The
core of the circuitry consists of only six switches and foapacitors. In Fid. 3]5, one can
find a pair of low\;y, cross-coupledi-channel EETsNI1, M2) and four thick gate oxide
p-channel FETsNIz—Ms).

Three identical, external capacitanc€pi, Cp2 andC,) are employed in the circuit.
The fourth capacitancé&a = 1 pF, is small enough to be integrated on the chip. This
capacitance, together with transisttds andMg, forms an auxiliary charge pump, which
is explained in Sectidn 3.2.2.

The dimensions of the semiconductor switcMagthroughMg have been chosen after
the optimisation process made with the Spectre circuit Eitou In order to assure
the lowest possible on-resistance, transistors with mininthannel length were used
while the width of the transistors was significantly increésThe dimensions of the used
switches are the following:

» W/L ratio of M1 andM3 is 980um/0.15um;
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Figure 3.5: A schematic diagram of the proposed voltage doubler cinguit

» W/L ratio of Mz andMg is 2000um/0.24um; and
» W/L ratio of Ms andMg is 10num/0.24 um.

The three external SMD capacitors, of 470nF, each are us€&p;ap, andC,.
In order to minimise the conduction losses, capacitors WMhESR are required. The
capacitors serve as charge reservoirs hence the requpaditzmce values depend on the
load current and the switching frequency. The 470 nF capaaitffer a good compromise
between a large capacitance value and a relatively smalagacsize, which is 0603
(0.61 mmx 0.30mm). Also, capacitors of higher values can be used in theduf they
are available in packages, like 0603 or smaller. Howevenesminor changes in the
drivers’ design would be required in order to assure goodrdyicapability. The capacitor
packaging is one of the main constraints and is related ftitaliitons concerning material
budget of the detector module.

Operation of the proposed voltage doubler

The voltage conversion method used in the proposed contegelogy is exactly the
same as the one presented in Sedtion B.1.1. A big advantdlge pfoposed architecture
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is that there are two charging and discharging phases deanf clock period. If the
clock signal is high at X" and low at "Y” (Fig. 3.5), then the transistongl, and M4

are on, whileM; andM3 are off. A simplified diagram illustrating this case is shown
Fig.[3.6a. The top plate d&@p, is connected to the supply voltage and the capacitor is
charged. At the same tim€p; andC_ are connected in parallel. The bottom plat€pf

Is at a high potential and the charge stored there in theque\phase is now moved into
the load. Figl_3.6b shows the second phase of operation. Nmsistordvl; andM3 are
turned on andVl; andMy are off. The top plate o€p; is charged fromWVpp andCp; is
connected in parallel with the load.

Voo Voo

T4 141 %

Voo - - - - VD

Figure 3.6: The principle of operation of the voltage conversion in the
proposed voltage doubler.

3.2.2 Auxiliary circuitry used in the design

The core of the voltage doubler consisting of transistbts throughM,) and capacitors
(Cp1, Cp2 andCy) can be considered as a stand-alone circuit, assuming xtexinel
non-overlapping clock signals are applied. However, fawilary building blocks are
added to the core of the charge pump in order to increase \werpefficiency, namely
an auxiliary charge pump used for switch biasing, leveltstsf buffers and a non-
overlapping clock generator.

Auxiliary charge pump

The auxiliary charge pump implemented in the presentedgdesonsists ofp-type
transistorsMs, Mg and a capacito€Ca. It also sharesvi;, M2 and Cp1, Cpy with the
core of the main power converter (Fig. 3.5).

One should note that the auxiliary pump is capacitively &zhdo its power efficiency
is expected to be higher than the power efficiency of the maltage doubler. It can
produce the output voltagé) 1, a few tens of mV higher tha¥ioyt. The circuit is
used to tie the-wells with serial PMOS switchedy andMz) to V1 in order to avoid
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switching on the parasitic vertical bipolgorfp) transistor. This solution assures that all
the pnjunctions between the-well and the drain/source &4 andM3 are reverse biased
during the voltage doubler operation. [93].

Level shifters

One of the critical aspects of the design is the driving ofdinge p-channel serial switches
M3z andM4. The maximum available input voltage to the circuit i9U. Taking into
account that the threshold voltage ofthe MOSFET transistmround (6 V the overdrive
voltage is too small to make the switches fully conductivéhisTresults in a relatively
high on-resistance. As a consequence, the conductiorslagsdd be high and the power
efficiency would drop.

A significant improvement can be obtained by introducingvalishifter circuit [95]
into the design. Such a circuit shifts the high level of theckl signal from MV
determined by the input voltage up to its doubled value alethifrom the output of the
charge pump. This clock signal applied on the gates of thal§8vIOS switchesNl3 and
My in Fig.[3.8) increases the overdrive voltage and decreasesri-resistance.

A schematic diagram of the proposed level shifter is showhign[3.7. The circuit
is supplied from two power domains. The thick oxide tramssM; throughMg are
supplied from the output of the voltage doubler wifs, 1. Only the inverter comprises
of thin gate oxide transistors supplied with a voltage &M\D.

VOUT

o
Mg HMG
[N My :”_
™ Mz,:“_

.-

Figure 3.7: Schematic diagram of a level shifter used in a design of #@8p
converter.

ouT
O

The operation principle of the level shifter is simple. Hue tnput clock signal in high
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state the transistofdl{, M4 are switched on ani,, M3 are switched off. The drain of
My is pulled down to the ground, which turns on thehannel transistoMg and turns
off Ms. The output of the level shifter (the drain of transistdy) is now pulled up to the
supply voltag&/oyT. Similarly, when the input signal is low, it turns d¥f;, M4 and turns
on My, M3. The drain oM (the output of the level shifter) is pulled down to the ground

The choice for transistor sizing in the level shifter is netry critical. However,
the circuit must be able to drive the big-channel serial switches of the voltage
doubler. Based on Spectre simulations the minimum channgthd. = 0.24um for
all the transistors and the widths have been selected asvIMi1_ma = 45um and
Wws—me = 35um. The transistors used in the inverter haveél = 10um/0.12pum and
W/L =5um/0.12um for[PMOS and NMOE, respectively.

Buffers and non-overlapping clock generator

The requirement for low conduction loss imposes the use rge[MOSFET switches.
In order to switch them efficiently in a relatively short tingrivers of sufficient driving
capability are required. Each driver used in the charge ptinspitry consists of a chain
of seven scaled inverters, built of minimum channel length ¢jate oxide transistors. The
last inverter in a chain employs @channel transistor 1680n wide and am-channel
transistor 69@um wide.

The undesirable effect of shoot-through (Section 3.1.6)maminimised by introduc-
ing a dead time between the clock signals. This means thatsing edge of the clock
signal applied at the input of one driver (Fig.[3.5) is welbaeated from the clock signal
applied at the input of the second driver. As a result thesistors driven by these buffers
can not be switched on at the same time. The clock signal agpais realised by the
non-overlapping clock generator. Its schematic diagrashasvn in Fig[ 3.8([96].

The required separation of the clock signals is achievedtrgducing a delay into
the circuit. The delay line consists of a classical CMOS itereia capacito€p and an
inverted Schmitt trigger.

The capacitoCp is used to increase the fall and the rise time of the clockatigeen
at the input of the second stage. The valu€gfused in the delay line was chosen to be
1 pF. The Schmitt trigger is used to recover clock signall gdod quality. For instance,
the design was made assuming 2 ns rise time of an extern. clde rise time of the
same signal at the output of the first delay stage i4 4§ and at the output from the clock
generator it is reduced to&8ns. The presented solution allows the separation of tlek clo
signal edges by 18ns.
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Figure 3.8: Schematic diagram of the non-overlapping clock generator.

3.2.3 Performance of the step-up converter

In order to estimate the power efficiency of the converter lnaeto extract the value of
Pout andPy. This can be done easily by analysing the voltage and cuwamwforms
obtained from the transient simulation.

Simulation results of the step-up converter

The behaviour of the presented switched capacitor DC-DC-wgbeponverter was
simulated using Cadence Virtuoso Spectre Circuit Simuiator

Figure[ 3.9 shows the observed input and output signals. A voltage is ramped
up to Q9V in 50us. The output voltage reaches its nominal value &8V after
80us. The circuit was optimised to make the unavoidable outpliage ripples small,
around 5mV peak-to-peak. A power efficiency calculated ferritominal output current
of 30mA was as high as 85%. The presented results were obt&nehe external
capacitor's ESR value of 10t

Additionally, in order to investigate the behaviour of th@eerter with wire bonding,
the parasitic inductance was introduced into the simulagiell. It was observed that
adding a ®nH inductance results in voltage spikes up t830/ peak-to-peak at the
input and 168V at the output of the circuitry. The observed voltage algmare shown in
Fig.[3.10 and Fig. 3.11.

3Spectre Circuit Simulator i E-class circuit simardgbroviding fast and accurate simulation for
analogue, radio frequency (RF) and mixed-signal circ@.|
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Figure 3.9: Simulated time response of the switched capacitor DC-DE&sfe
converter.

The mechanism of the voltage spikes creation is describedttyi from Eq[3.10:

di(t)

v(t) = Ld—(t’ (3.10)
wherelL is the self inductancey(t) denotes the voltage aridt) denotes the current.
Hence, the voltage spikes are unavoidable if the bond wiage A non-zero inductance.
To reduce this issue to an negligible level one can use anags=mbly technique, for
example flip chip bonding, which results in much lower induncte of the connections. It
is worth mentioning that the voltage spikes do not affectgbeer efficiency since they

are symmetric.
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Figure 3.10: Simulated time response of the switched capacitor DC-D@- ste
up converter, including all package components.

A very important parameter for each power converter desgrhe switching
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Figure 3.11: Voltage spikes observed at the input (left) and output (Jigh
the switched capacitor DC-DC step-up converter.

frequency. It has already been shown that the switchingué&ragy influences the power
efficiency through switching losses in the MOSFET switchiealso determines the peak-
to-peak value of the output voltage ripples. Figure B.12xshthe dependence between
the switching frequency, the output voltage, power efficjeand the peak-to-peak value
of the voltage ripples. In order to satisfy the design spedtifbn presented in Tahle 3.1,
the switching frequency in the switched capacitor DC-DC stpmonverter was chosen
to be 500 kHz. This choice guarantees the power efficiencthionominal current at the

level of 85%, the maximum output voltage ob8V and the peak-to-peak value of the
output voltage ripples as high as 5mV for the output capacéaf 470 nF.

The transfer and output characteristics are presentedgnJFi3 and Figl 3.14,
respectively. The transfer characteristics were obtaimgdunning several transient
analyses with different input (supply) voltages, fronv U to 1.4V. The switching
frequency was fixed at 500 kHz. Assuming that there were reekyshe characteristics
should bevVoyT = 2V|N. For the presented converter, the trend line is givengyjt =
2.0059viy —0.2363. The power efficiency increases for higher input vasagainly due
to better driving capability of the big PMOS switches, raag87 % for input voltage of
14V.

The output characteristics obtained for the switchingdiesgpy of 500 kHz and supply
voltage of 09 V show (Fig[3.14) how the load influences the output voltagthe power
efficiency. The step-up converter was designed and optihfrsean output current as
high as 30 mA and it was assumed that the power consumptidr iartalogue front-end
circuitry will be constant in time. Nevertheless, some fhations in current consumption
are unavoidable.
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Figure 3.13: Simulated transfer characteristics of the step-up coexettie
output voltage (left) and the power efficiency (right) as adiion of the input
voltage.

Test results of the step-up converters

The step-up converter is supplied wit®. Additionally, the voltage of 3V is required
by the electrostatic discharge protection circuits andlibeal interfaces. Inside the chip
the high and low level of the clock signal areO9% and 0V, respectively. A constant
voltage is provided by the Agilent E3631A power supply. A HB8A clock generator
provides the clock signal of 500 kHz. An Agilent Infiniium 538, 600 MHz 4 channel
oscilloscope is used to read out input and output voltageassg A Tektronix TCPA300
current probe is used to measure the currents.

The chip with the prototypes is wire bonded in the middle &f tisst PCB, shown in
Fig.[3.15. The bond wires are roughly 3mm long. All the ex&iSMD components
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Figure 3.14: Simulated output characteristics of the step-up convetiter
output voltage (left) and the power efficiency (right) as ladiion of the output
current.

(capacitors, resistors, connectors) are soldered on ttbenbside of the board to allow
the access for the wedge bonder.

Figure 3.15: with the prototype chip used for tests of the switched
capacitor DC-DC converters.

Both presented converters use extefnal SMD componentsgitagaand resistors.
The step-up converter requires three 470 nFllowJESR capaciResistors of 2@, 56Q
and 822 are used to emulate the load of the converter. For nomingdubwioltage
of around 155V these resistors correspond to load currents of 57 mA, 2818 mA,
respectively.

Additionally, in order to provide good filtering of the inpubltage, three decoupling
capacitors of 10nF, 470 nF and 1B connected between the supply line and the ground
are mounted on tHe PCB.

Figure[3.16 shows the output voltage waveform from the sfepenverter measured
for the switching frequency of 500 kHz. The calculdted RMSuealof the output voltage
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and current ar®oytrms= 1.529V andloytrms= 27.88 mA, respectively. The average
input current Navg) IS as high as 581 mA and gives the power efficiency of 85%,
assuming constant voltage \dfyavg = 0.898 V from the power supply.

2.0

1.9

=
®

=
]

=
n

Output Voltage [V]
==Y
=N

g
IS

-
W

L2534 6 8 10 12 14 16

Time [ps]

Figure 3.16: Measured transient response of the step-up converter.

The voltage spikes (Fig._3.1.7) are present, just like it waasgeen in simulations.
A measured maximum peak-to-peak value of such a voltagee Spile80mV. The
length of the bond wires is around-3 mm, hence the effective inductance is around
0.4—0.5nH for the converter connected with\%p bond wires interleaved with 8
ground bond wires. A maximum peak-to-peak value of the geltspike obtained from
simulation is roughly three times higher.
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Figure 3.17: \oltage spike measured at the output of the step-up comverte

In order to properly evaluate the circuit, it is importantdmeck how the switching
frequency, input voltage and output current influence thipuwuwoltage and the power
efficiency. Hence, three different characteristics (festy, transfer and output) have
been measured.
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Figure[3.18 shows the measured frequency characteristiwadEC DC-DC step-up
converters from the same chip. The measurement confirmshidaiptimum switching
frequency is around 500 kHz with a relatively broad platepuail MHz. The power
efficiency drops very quickly for the frequencies above 1 Mie to the increase of
switching losses.

1.6 90

=
n

80 7
/.

75 /
/]

70

Output Voltage [V]
==Y
=
S
Power Efficiency [%]

=
w
*
RS

65

[STEP-UP1 —@— [STEP-UP1T —@—
STEP-UP2 —&— STEP-UP2 —&—

1.2 60 0.1 i 10

0.1 1 10
Switching Frequency [MHz] Switching Frequency [MHz]

Figure 3.18: Measured values of the output voltage and the power effigienc
as a function of the switching frequency for two step-up euters.

The transfer characteristics are shown in Fig. 3.19. Theyepthat the converter is
linear in a wide range of input voltages. In an ideal case tipeiti voltage would be
doubled, but due to a non-zero output resistance the maxioutput voltage is always
lower. For the nominal input voltage the voltage measurati@butput is 153V. One
should also note that the power efficiency increases togeiitie the input voltage.
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Figure 3.19: Measured transfer characteristics of two step-up comgrtiee
output voltage (left) and the power efficiency (right) as adtion of the input
voltage.

The output characteristics (Fig. 3120) describe how the iofluences the output
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voltage and the power efficiency. Although the power condionpin the[ABCN-13
analogue read-out channel is assumed to be constant, itiggacto keep the output
voltage at a level which allows its regulation by the lineagulator even if the current
consumption increases for any reason. It is obvious thahemease of the load current
will increase the conduction losses in the switches andaffiict the maximum output
voltage and the power efficiency. The output characterigtig. [3.20) shows that an
increase of the load by 30 % allows the power efficiency to g &ea reasonable level of
approximately 70 %. However, to have the possibility of &gk filtering done by a linear
voltage regulator, the output current must not exceed 42 mA.
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Figure 3.20: Measured output characteristics of two step-up converthes
output voltage (left) and the power efficiency (right) as adtion of the output
current.

The output characteristic can be also used to evaluate tpatompedance of the step-
up converter, which is extracted as the slope of\gegT (louT) curve. The difference
between simulated and measured value is bifQ8and 121 Q, respectively. Such a
high resistance can not only be caused by the parasitidaeses of the bond wires nor
the metal lines on the chip and the test board. In the wors, ¢gescontribution should
not exceed a few hundreds of(n The simulations showed that the threshold voltage of
a large. PMOS switch used in the design is typicaly= —522mV, but it can change
between—447mV and—577mV due to process variations. This effect could paytiall
explain the increase of the output resistance of the cagwvevhich strongly depends on
the threshold voltage.

Post-irradiation test results of the step-up converter

The irradiation was performed, using CERN’s in-house X-ragegator presented in
Section 2.8, for the tube current of 50 MA and power supplyagd of 50kV. At these
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conditions and at a given geometry, the dose rate @%@&d's was obtained. The chips
bonded on & PGB were irradiated up fo alrlD of 200 Mrad after@pprately 80 hours

at room temperature. After the irradiation they were arecédr 168 hours in an oven at
a temperature of 10@ according to the Standard Tests Procedures, ESA/SCC[28D0 [9
and MIL STD 883 1019.5[99].

From the plots shown in Fig. 3.21 one can see that the measutpdt voltage and
power efficiency do not change up t6 a TID of about 10 Mrad. kghdr doses, a rapid
drop of the output voltage and the power efficiency can berobde The calculated
relative decrease of output voltage and efficiency is leas 826 and 10 %, respectively.
This test was made for a resistive load oftd6connected to the output of the converter.
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Figure 3.21: Measured value of the output voltage (left) and the power
efficiency (right) for different TIDs.

One should note that according to the current plans, theugie@nverter in the serial
powering scheme will be followed by a linear regulator inertb obtain a clean supply
voltage for the analogue circuitry on the front-end chip.e Tagulator requires at least
100 mV of dropout voltage to keep the pass transistor in aatur. Hence, in order to
keep the analogue voltage at a constant level®¥1the output voltage from the step-up
converter must be higher thar8BV.

The annealing only partially restores the performance efstiep-up converter. After
one week in 100C the maximum output voltage increased up #5V and the power
efficiency reached 79 %.

Figure[3.22 shows the evolution of the output charactessif thd SC DC-DC step-
up converter. The red curve represents the data collectedebthe irradiation and the
blue curve, after the chip irradiation up to 200 Mrad. Theegreurve denotes the output
characteristic of the converter measured after annealing.
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Figure 3.22: Measured output characteristics of the] SC DC-DC step-up
converter before irradiation (red line), after irradiati(blue line) and after
annealing (green line).

A degradation of the output resistance of the converter #iteirradiation is clearly
visible. The output resistance has been extracted for tmeina output current of
30mA. A fourfold increase of the output resistance, commatp the pre-irradiation
measurement, has been observed after the circuit irradiag to a TID of 200 Mrad.
The post-irradiation value dRoyt is as high as 42Q. The output voltage for the
nominal analogue current of 30 mA measured in the irradiebederter is around.25V,
so 50 mV lower than allowable minimum.

After the chip was annealed for one week at the temperatu®@fC the output
resistance of the step-up converter was measured agaimé&&sured value of the output
resistance after the annealing is89.

Such degradation of the converter performance occurs dtleetéact that a pair of
thick gate oxidé PFET switches has been used. As shown in &hapthe threshold
voltage in the narrowp-channel transistors shifts significantly, due to the pasitharge
deposition in the gate oxide occurring during irradiatittrwwvas shown that the observed
Vip-shift is more significant in case of narrow devices and adféwe on-resistance of the
switch (Eq[3.8) leading to the increase of conduction Issse

Another serious radiation induced effect which causes dgeatiation of the circuitry
performance is the increase of the leakage current. A pesstiarge trapped in the STI
leads to the creation of a parasitic channel and parasitrecuflow between the source
and drain, even when the transistor is turned off. This caasdecrease of the power
efficiency due to continuous discharging of the capacitors.

There are several ways to improve the performance of theepted converter
after irradiation. First, in order to reduce the conductiosses occurring due to the
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increase of the on-resistance during irradiation, onecc@ohsider making the MOS
switches sufficiently bigger. Thus, even after irradiatiogir on-resistance will remain at
a sufficiently low level. This of course would require somedifications to the design of
the drivers.

The power inverters that are used to drive the large MOS beitcare optimised
and balanced assuming the pre-irradiation values of tleshioid voltage. The threshold
voltage however shifts with the TID. Hence, it would be pbksto tune the size of these
inverters so their performance is satisfactory also aftadiation.

The power loss due to the leakage current i the NMOS tramsisain be effectively
reduced through the use Enclosed Layout Transistors ohsfedevices with the standard,
linear geometry.

3.3 Switched capacitor DC-DC step-down converter

Switched capacitor DC-DC step-down converters are assumled tised in the parallel
powering scheme employing a DC-DC conversion techniqueuc¢h a scheme, separate
step-down converters will supply the analogue and digitauidry of the front-end chip.
The converters will be implemented on the ABCN-13 in order tavjufe voltages of 2V
and Q9V. The requirements concerning the load current are thedolg: around 30 mA
for analogue and around 60 mA for digital circuit. The dedigis been optimised for the
digital power supply, assuming that the performance of #haag used for the analogue
power supply will be better due to a smaller load.

3.4 Design of a switched capacitor DC-DC step-down
converter in 130 nm[CMQOS technology

The topology of the presented switched capacitor DC-DC ateweés based on the
architecture of the power converters discussed in/[100]&0t]. The converter has been
designed and manufactured in the same technology |(IBM_CMOSi13@s currently
assumed for the upgrade of the ID electronics.

A schematic diagram of the proposed switched capacitor DGte@ down converter
is shown in Figl 3.23. The converter was designed to obt&iv ®f output voltage from
the voltage supply of ®V and optimised to achieve the highest possible power effasi
for a nominal load of 60 mA.

All the transistors used in the design are thick gate oxige=f 5.2nm) devices,
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Figure 3.23: Schematic diagram of a practical implementation of thecveitl
capacitor DC-DC step-down converter.

otherwise operation with voltages higher thain\ would not be possible. The transistor
M is a p-channel device, because it can be easily driven. The stansM, throughM4
aren-channel devices. Th& /L ratios of all switches are summarised in Tdble 3.2. These
values were chosen, based on Spectre simulations, to nsmimé power losses.

Table 3.2: MOS switches used in the design of switched capacitor DC-DC
step-down converter.

| Switch | Switch dimensionsw/L) |

M1 282mm/Q24um
Mo 18.0mm/Q30um
M3 18.0mm/Q30um
Mgy 6.0mm/Q30um

The IBM 130nm CMOS technology offers triple-well devices pdivg n-channel
transistors within a well, isolating them from the subgirdthey are used in the design in
order to avoid the body effect [102], leading to an incredsb®threshold voltage. Itis
important to remember that the value\ef depends on the source-to-bulk voltayed),
and the on-resistance, according to[Eqgl 3.3, depends owvéhnérive voltageVgs— Vin)-

The triple-wel[NFET allows a short circuit between the smuand locap-substrate,
makingVsg = 0. The triple-well transistor also provides better isaatfrom the global
p-substrate, thereby reducing the amount of charge injestedhe substrate.
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The values of the external SMD capacitors have been choséy as1.0uF and
CL = 0.2uF. Simulations showed that the best converter performaraseoltained for
Cx/CL =5.

3.4.1 Auxiliary circuitry used in the design

In order to achieve the desired performance of the switchpdator DC-DC step-down

converter, some auxiliary circuitry is needed. The mostiadfor the power efficiency

is proper driving of the large_ MOSFET switches. Hence, daéid drivers must be

developed. A non-overlapping clock generator is also n@edeminimise the power

losses occurring due to cross conduction. A sufficientlyglolead time between the
alternate clock signals should be implemented to assuté¢hib@an-states of the switches
do not overlap under any conditions.

Non-overlapping drivers

The[MOSFET switches used in a converter design are largehaydcain not be driven
directly from the internal clock generator. A chain of schlaverters would be the
simplest implementation. However, in this case to imprdve performance more
sophisticated topology [103] of a driver, shown in Fig. 3.®4used. This driver consists
of two chains of scaled inverters. Each chain drives a sibgdransistor of the output
stage. A cross-coupled pair of transista¥&s(@ndMg) is added in order to prevent the
conduction of current frorpp to ground in the last stage. In addition, to reduce the noise
injected to the bulk during switching, the biggest NFETsiarplemented as triple-well
devices.

Figure 3.24: Schematic diagram of a driver used in step-down converter.

The principle of the driver operation is presented in Fi@53.The clock signals are
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applied to the input of the driver at tinig They are delayed and inverted, and appear at
the gate oM7 andMg at timet;. The same signals are applied also to the gatédf
andMg. The transistoMs conducts in the time interval fromg to t; and shorts the input

of inverterls to the ground. This results in small reduction of the dutyleyn the top
branch. On the other hand, the transidty shorts the input ofg to theVpp betweerts
andts, and thus increases the duty cycle in the bottom chain.
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Figure 3.25: Principle of operation of a non-overlapping driver usedhia t
design of SC DC-DC step-down converter.

Non-overlapping clock generator

Similarly to the design of the step-up converter, a nondapging clock generator is
also an essential part of the step-down converter desigaléowis high power efficiency
to be obtained. The architecture of the clock generatoremphted in the step-down
converter design is very similar to the circuit used in thevmusly presented charge
pump. The delay line has been slightly modified compared ¢ostthematic diagram
shown in Fig[.3.B and contains a capacitively loaded custamted inverter connected in
series with the inverter circuit. The optimum dead time of&d from this circuit is 3 ns.

3.4.2 Performance of the step-down converter

All main parameters (power efficiency, output voltage andent) can be extracted on
the basis of the transient analysis of the circuit. Threesygf characteristics (frequency,
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transfer and output) have to be investigated in order touet@lthe optimum switching
frequency, input voltage range and output current range.

Simulation results of the step-down converter

Figure[3.26 shows a voltage waveform from the Cadence Viotudgectre Circuit
Simulator. A simulation was performed for a converter siggpWithVinayg= 1.9V and
loaded with 1% resistor. This gives a nhominal output curreni @ftrms= 61.7 mA for
the output voltage dfoutrms= 926 mV. The calculated input currentlj§ayg= 30.9 mA
and the power efficiency is 97%. This test was made for thechwigy frequency of
1 MHz, but no packaging components have been taken into atcdine peak-to-peak
value of the voltage ripples calculated far = 200 nF is aroun®oyTp-p = 20 mV.

In order to reproduce the conditions corresponding to tyeadidditional parasitic
elements must be incorporated into the simulation cell. sEhgackaging components
(inductance of ®nH representing the bondwires) change the time respongheof
converter quite drastically. Very fast (few hundreds of Mith rising and falling edge
far below 1 ns) voltage spikes are observed at the input andutput of the circuit. The
mechanism of their creation was briefly presented in Se@i@8. The effect itself is
depicted in Fig. 3.27 arid 3.28.

The peak-to-peak voltage of the spikes observed at the bigtpmoundVoyTp-p =
260 mV. This result has been obtained from simulation in Whiie bond wire inductance
of 0.5nH was assumed. Due to the fact, that the spikes are syncaiehey do not affect
the power efficiency at all.
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Figure 3.26: Simulated time response of the switched capacitor DC-D@- ste
down converter.

Figures[3.2P] 3.30 and 3/31 show the three characteristes tor the circuit
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Figure 3.27: Simulated time response of the switched capacitor DC-D@- ste
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Figure 3.28: Voltage spikes observed at the input (left) and output ¢jigh
the switched capacitor DC-DC step-down converter.

evaluation. The first of them, a frequency response (Fig)3i2 used to estimate the
optimum value of a switching frequency, which in this cases whosen to be 1 MHz.
Actually, the power efficiency does not change significab#yween 500 kHz and 1 MHz.
The highest possible value was chosen in order to minimesedtitput voltage ripples.

The transfer characteristic depicted in Fig. 3.30 showsd#gendence between the
supply voltage and the output voltage or the power efficien&ithough the nominal
input voltage is meant to bedV, the converter can operate very efficiently over a wide
input voltage range (betweer0lV and 26 V). Additionally, higher supply voltage means
better driving capability, hence according to the resulliamed from Spectre, the step-
down converter can achieve the power efficiency of 98 %.

Although the nominal output current from the step-down ester is assumed to
be 60 mA nothing prevents the circuit operation with higheads. This is confirmed
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by the output characteristic shown in Fig. 3.31. For exampléwofold increase in

current consumption corresponds to the power efficiencp dfqust 2%. Such a good
performance of the converter is guaranteed by its very lapuwuesistance, which is less
than 04Q. Thus, it reduces conduction losses and makes the desigsdesitive the

load variations.
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Figure 3.30: Simulated transfer characteristics of the step-down aterehe
output voltage (left) and the power efficiency (right) as adtion of the input
voltage.

Test results of the step-down converter

The test setup and test methodology of the presented switcdyeacitor DC-DC step-
down converter are the same as those for the step-up conaeedehave already been
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Figure 3.31: Simulated output characteristics of the step-down coaveitie
output voltage (left) and the power efficiency (right) as action of the output
current.

discussed in Sectidn 3.2.3. Thus, this paragraph contailystioe presentation of the
measurement results. All the measurements were perfortmedra temperature.

The waveform in Fid. 3.32 shows the voltage signal measuitttie oscilloscope at
the output of the step-down converter. The measlred IRMS vslaboveVoytrms=
0.88V. The circuit was supplied witNnavg = 1.9V from an external DC voltage
source. The input and output current were measured toNagg = 29.5mA and
louTrms= 58.4 mA respectively. The power efficiency of the step-down eotar, defined
asnp = (VouTtrms'louTrms) / (Minavg*linavg) Was calculated to be higher than 91 %.

As expected from simulations, the voltage spikes appeaeaiutput of the converter.
Figure[3.38 shows a magnification of the waveform fragmentaining a voltage spike.
Its peak-to-peak value is higher than 200mV and it corredpdn a total bond wire
inductance of approximately.nH - 0.5 nH.
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Figure 3.32: Measured transient response of the step-down converter.
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Figure 3.33: Voltage spike measured at the output of the step-down ctatver

In order to fully evaluate the converter performance, tlufegracteristics (frequency,
transfer and output) have been measured. The followinggpapas present the results
collected during the tests of two switched capacitor DC-Dep-stown converters laid out
on the same chip.

Figure 3.34 shows the frequency characteristics, measoréao step-down convert-
ers, supplied with BV and loaded with a resistor of Th The switching frequency was
swept between 100 kHz and 10 MHz. In general, the shape ofutves agrees with the
simulation results, however, the output voltage and thegp@ifficiency are systematically
lower by about 5%, compared to the simulation results shawRig.[3.29. For the
(nominal) switching frequency of 1 MHz the measured efficiers around 92 % instead
of expected 97 %. There is also a relatively wide range ofueagies (between 500 kHz
and 1 MHz), where the power efficiency is practically frequemdependent. The same
effect has already been observed in the step-up converteit dlas the advantage that
there is no need for a very precise clock.

Transfer characteristics, shown in Fig. 3.35, were meastoethe input (supply)
voltages between .@QV and 26V. During the test, the step-down converter was
loaded with a 1% resistor and clocked with 1MHz. The measurements confirm the
expectations. The presented converter works as a divigeribh a wide range of input
voltages. Additionally, the power efficiency increasestigther input voltages. Thus, the
performance of a converter used in the analogue power slipplyproviding 12V for
the output current of 30 mA, will be even better.

The output characteristics are shown in Fig. 8.36. They weatuated by applying
a variable load at the output of the converters, resultinthevariation of the output
current between 45mA and 115 mA.

The measured output resistance i8Q. and it is approximately three times higher
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Figure 3.35: Measured transfer characteristics of two step-down coerser
the output voltage (left) and the power efficiency (right)aainction of the
input voltage.

in comparison to the value calculated from simulations sTmexpectedly higher output
resistance seems to be the reason for the lower efficiencya@d to the simulation.
Assuming the output current of 60 mA, the increased resistaiorresponds to power
loss of around 3 mW, which then represents®% of the total output power. The
curves representing the power efficiency in Fig. B.36 aralfedrbut the power efficiency
measured for the second step-down converter is systenhatioaer by about 1% in
comparison with the first converter. Assuming a constanplyuwmltage, the only source
of the observed discrepancy can the way the input currenteigsored. It has been
calculated that a 1% change in the power efficiency is obdemieen one changes the
input current by around.2mA. It should be noted that according to the Tektronix
TCP312 specification [104] thHe DC measurement accuraey3i%o which in this case
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output voltage (left) and the power efficiency (right) as action of the output
current.

corresponds to.8 mA.

It is also important to localise the sources of the parastiitput resistance. Among
them one can enumerate: the parasitic resistance of thé linetalaid out on the chip,
the resistance of the metal traces on[the PCB, the resistartbe cfbles, etc. It was
calculated that the total parasitic resistance of the npettli between the chip and the
connector should not exceed 20xn The total resistance of three parallel aluminium
bond wires is also in the same range. The resistance of tted wieihg (together with the
vias between the metal levels), connecting the output oftimeerter to the pad is around
110 mQ. One must not forget about the spread resistance relatée tmétal grid which
tightly covers each MGOS switch and guarantees a uniformeatiftow.

Post-radiation test results of the step-down converter

The irradiation tests of the step-down converter were peréal using the same X-ray
facility as described in Section 2.3. During the test thp-stewn converter was irradiated
in steps up to B TID of 200 Mrad in 80 hours at room temperatlinen thé PCB with the
biased chip was kept in an oven for annealing for 168 hour6@itQ.

Plots shown in Fig. 3.37 present the evolution of the outmltage and the power
efficiency measured after several irradiation steps. It @thv mentioning that all
transistors used in the presented design of a step-dowredenare thick gate oxide
devices. Thus, it is expected to be more sensitive to radiatiduced effects, threshold
voltage shift and leakage current.

However, the post-irradiation performance of the conveseems to be satisfactory.
The measured relative output voltage drop is less thafol The power efficiency after
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irradiation up to 200 Mrad varies by less than 5% and stillagm®above 87 %. Annealing
at high temperature partially restores the converter padnce and the power efficiency
rises back, up to 90 %.
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Figure 3.37: Measured value of the output voltage (left) and the power
efficiency (right) for different TIDs.

A degradation of the converter output characteristics.({Ei@8) is visible. The output
resistance after the irradiation was measured to be arow@land results in the
efficiency drop due to higher conduction losses. Annealtriiggh temperature decreases
the output resistance to3DQ.
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Figure 3.38: Measured output characteristics of the] SC DC-DC step-down
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3.5 Design of the DCDCO013 chip

The DCDCO013 chip contains the switched capacitor DC-DC coek&rpreviously
detailed. Each ASIC contains four power converters, twp-sie and two step-down.
It has been designed and manufactured using an[IBM CMOS pregddsshe 130nm
lithography node and including eight metal levels. The lgyend the microphotograph
of the entire DCDCO013 chip is shown in Fig. 3.39. The size of aisl&x 2mn?. The
layouts of each circuit are described separately in thewotlg Sections 3.511 and 3.5.2
for the step-up and step-down, respectively.
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Figure 3.39: Layout of the DCDC013 from Cadence Virtuoso Layout Suite
(left) and the microphotograph of the chip bonded fto a PCgh(i

Each chip contains 80 pads (20 power pads, 20 ground padssddal pads,
including 4 digital interfaces to provide clock signals tmeerters). Simulations showed
that the parasitic inductance of the bondwires results Itage spikes observed at the
input and output of the circuitry. Hence, in order to minienikis effect power pads/ wires
and ground pads/wires are interleaved. This techniquevallimne reduction of the
effective inductance roughly by a factor equal to the nundfethe pad pairs (power
and ground)[[105]. One should note that on the other handftaetige capacitance of
bonding increases due to the coupling between wires.

In order to minimise the resistive losses between the chdgdlamexternal components,
multiple pads have been used. Additionally, the SMD capeziare soldered onla PCB
very close to the chip.
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3.5.1 Layout of switched capacitor DC-DC step-up converter

The prototype of the charge pump is 180 wide and 20@m high. Thus, the total area
of silicon is less than 04 mn?. The layout of the device is shown in Fig. 3.40.

Figure 3.40: Layout of the switched capacitor DC-DC step-up converter.

The power switches of both types and the auxiliary chargeguogether with the
integrated capacitang, occupy approximately 35 % of the total silicon area. The two
scaled inverter chains used[as MOSFET drivers occupy appately 31%. The non-
overlapping clock generator, containing two integratepacitances of 1 pF each, with
the level shifter circuits takes 24 % of silicon area. Theagmnmg 10% is used for the
substrate contacts, guard-rings and fillings in order tisfyahe[DRC rules.

As it is assumed presently, the intrinsic radiation hardre#ghe technology will be
sufficient, hence no dedicated radiation tolerant layothineues have been used in the
design.

3.5.2 Layout of switched capacitor DC-DC step-down converter

The layout of a switched capacitor DC-DC step-down convéstenown in Fig. 3.411. The
converter is 21@m wide and 59@um high, so it occupies slightly more thanl@ mn?

of silicon area. Two identical prototype step-down coreextare implemented on each
prototype ASIC.
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Figure 3.41: Layout of the switched capacitor DC-DC step-down converter

Almost 80 % of the silicon area is occupied by the MOSFET dveiM; through
Mg from the core of the converter shown in Fig. 3.23. The remngirl0 % of space is
used by: drivers (9 %), non-overlapping clock generator \3$bstrate connection and
guardrings (8 %).

Similarly to the previous case of the step-up converter[SBeDC-DC step down
converter was laid out using no dedicated radiation totetechniques (e.g. enclosed-
geometry transistors). However, all necessary precaatizere taken to minimise the
leakage current and prevent the circuit from latching up.

3.6 Conclusions on the DCDCO013 development

DCDCO013 chip, presented in this chapter contains two prototgsigns of switched
capacitor DC-DC converters. The chip was designéd in]IBM 13@MOS technology.
Currently, these devices are considered to be key elementsegiroposed powering
schemes in the upgraded silicon tracker forlthe ATLAS experit.

Both devices are characterised with very high power effigieB5% and 91 %,
respectively for the step-up and step-down converter. Otbmaining parameters,
including the output voltage for a given load, are compatibith the specification. The
results from the measurements agree quite well with sinausat It is worth noting that
the presented SC DC-DC step-down converter has already lssehas an alternative
powering block in a CMS Binary Chip (CBC) [106] designed at ImpeBiallege London
and RAL in United Kingdom, and has been shown to operate wethisrfront-end chip.

There are two main issues discovered during the developaofi¢hé prototypes. The
first of them is related to the poor quality of output voltagenh the converters caused by
the parasitic inductance of the bond wires. Currently, tlaeeeseveral possible solution
considered. One of them assumes replacing bond wires witipthonding in order to
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discard elements introducing parasitic inductance to treait. Another idea assumes
using capacitors which can be bump bonded directly on tHasiof the silicon die.

The irradiation tests of the DCDCO013 chip show a decrease incteerter
performance. This effect starts to be clearly visible ahineTID of few tens of Mrad
and is caused by the use of irradiation sensitive, thick getie transistors. This aspect of
the design should be thoroughly investigated and fixed ifitia¢ design, thus employing
the Enclosed Layout Transistors (ELTSs) is highly recomneehd

The observed post-irradiation decrease in the power effigieof the presented
converters is mainly caused by the increase of conductiesekoccurring in the power
switches. The radiation induced threshold voltage shiéotinakes the on-current in the
p-channel transistors decrease and one should note thatithegate oxidé PEETS are
present in both converter designs, step-up and step-dowa.sdlution to this problem
would be to increase the size of the switches in order to gieeahe low on-resistance
also after the irradiation. It is however worth noting thagder switches have higher gate
capacitance and will result in potential increase of the@wng loss. Hence, the power
budget analysis for each converter should be investigated more.

The increase of the conduction loss is not the only sourceeotonverter inefficiency
after irradiation. The inverters used in the power MOSFETt@wes are well balanced
assuming the pre-irradiation values of the threshold geltaThe drivers’ performance
however decrease with the TID dueg shift. The radiation makes the NMOS transistors
easier and PMQS transistors more difficult to switch on. Téasls to an increase in the
cross conduction current, which in the case of the largeriek&e may have a significant
contribution to the overall power budget of the convertegnkk, analysing the data from
Chapterf 2, one may consider intentionally unbalancing tkertars to obtain the best
performance in a moderate dose range.
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Chapter 4

Linear voltage regulators for the serial
powering scheme

A linear voltage regulator is an electronic circuit whicless voltage controlled current
source in order to provide a constant, predetermined outpiaige, regardless of changes
of the load current or the input voltage. All linear voltaggulators are step-down devices.
This means that the output voltage is always lower than thetinoltage.

In commercial applications, linear voltage regulators esenmonly used together
with the DC-DC converters. Very often a linear regulatordals a step-down DC-DC
buck converter. This solution allows the designer to misarthe voltage drop across the
pass element and in consequence to minimise the overallrposges in a regulator.

It has already been shown in Chapter 1 (Fig. 1.10) that a casdadDC-DC converter
and a linear regulator is also foreseen for the future Innete€tor electronics upgrade,
but in this particular case a switched capacitor DC-DC stgemanverter will be used.
Together, they will be used to provide high quality supplitage of 12V (obtained from
0.9V), required for the analogue front-end.

4.1 Basics of the linear voltage regulators

The generic architecture of a linear voltage regulator @shin Fig.[4.1. The diagram
consists of five blocks, namely series pass element (ttansisrror amplifier, sampling
network (resistive divider), source of stable referencktage and load. The overall
operation principle of a linear voltage regulator is simplehe output voltageMoyT)

Is constantly sensed by the control circuit, implemented eesistive divider. The output
voltage is controlled using a feedback loop, which in sonsesaequires compensation to
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Figure 4.1: Block diagram representing an architecture of a linearaguat
regulator.

VOUT

maintain the system stability. Any voltage regulator alsedts a stable reference voltage
sourcel[[76]. The error amplifier senses the voltage difisgdretween its inputs and feeds
it back to the gate of the pass transistor, changing its owerdoltage. The pass element
Is used as a voltage-controlled current source. Thus, wielgate voltage is changed the
drain current is tuned, so the output voltage remains cahsta

4.2 Characterisation of linear voltage regulators

According to [107], there are three main aspects of the fineliage regulator design:
regulating performance, current efficiency and operatwltage. These aspects are fully
described by a set of following parameters [108]:

» Dropout voltage, denoted Bipo, defines a minimum differential voltage between
the input and the output pin at which the regulator is stileab operate properly.
The dropout voltage is in fact the saturation voltagesga) of the pass transistor.
Thus, its minimum allowable value is limited to 80 mV — 130 md¢rresponding
to Ut — 5UTH [109]. To obtain a minimum voltage drop across the pass ddwic
the maximum current it must have a laMg/L ratio.

* Line regulation (input regulation) determines the outpoitage changeVouT)
triggered by a certain voltage chand®/(y) at the input of the regulator, measured

for a given value of the output current.

. . AVQUT
Line regulation=
g AV,

IN

-100%

(4.1)

Thermal voltage is defined &k = kT /g, wherek is the Boltzmann constard,is the electron’s charge
andT is temperature. The value of thermal voltage at room tentperd approximately 26 mV.
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» Load regulation measures the capability of the regulatomaintain a constant,
specified output voltage despite the changes of the loadmufXloyT).

AVouTt

Load regulation=
AlouT

-100% (4.2)

» Temperature dependence parameter describes the tempestability of the
regulator. The temperature sensitivity of the regulatames mainly from two
sources, the temperature coefficient of the bandgap vottfgesncel[76] circ
and the temperature drift of the input offset voltage.

AV,
Temperature dependence parameieroi (4.3)

AT
» Transient response (transient output voltage variatmmepsures the maximum
allowable output voltage change caused by a transient loadrtt step. Transient
response&Vrrmay iS a function of four parameters: system time respods (
maximum load currentl§uTtmay, Output capacitanceCoyT) and its Equivalent
Series Resistance, and it is defined as follows:

|
AVTRmax= —22 M3 At L AVESR (4.4)

Cout +GCp

\oltage variation due to the parasitic ESR of the output cdpais denoted as
AVEsr Additionally, a bypass capacit@;, can be connected in parallel to the load
in order to improve the transient response of the circuitickeit has also been
included in the Ed. 414.

* Quiescent currentig¢) can be expressed as the difference between the ihpyt (
and the outputlpyT) current.

lo=ln—louT (4.5)

The quiescent current is practically independent of thd mnditions and consists
of the bandgap voltage reference circuit bias current, tihveents flowing in the
error amplifier and in the sampling circuit.

» Power Supply Rejection Ratid (PSRR) measures the ability ofrégelator to
suppress output voltage fluctuatioNg (T p-p) caused by the change in the input

2The temperature coefficient is defineddsfkeg/0T.
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voltage supplyVinp—p). It can also be identified as &n AC voltage gain from the
input node of the regulator to the output node, measured iowB a spectrum of
frequencies.

PSRR= (%) (4.6)
ViNp-p / te[o,m)

» Output noise voltage is the RMS value of the output noiseagelf measured over
a certain frequency spectrum, under the conditions of ataoh&ad current and
clean input voltage.

4.3 Power considerations

In order to maintain a very high power efficiency for the depi@vering scheme, it is
very important to keep the power efficiency of each builditark at the highest possible
level.

The power efficiency of a linear voltage regulator is definedtha ratio of the output
power PouT) to the input powerRy), delivered to the circuit from the voltage supply.
By applying Joule’s law, one can get the following expressmrthe power efficiency:

Pout louT "VouT
— — . 4.7
e Pn  (hn+1o)Vin 41

The above formula shows that the power efficiency of the geltegulator will never
reach 100%. This is due to a non-zero quiescent curightof the regulator and the
non-zero dropout voltage. Thus, it is important to make tleugut voltage as low as
possible.

The operating conditions for the voltage regulator, plahteebe used in the serial
powering scheme, are very well defined. The regulator is im@amaintain a constant
voltage of 12V at its output. The input voltage could vary between appnately 13V
and 16V, depending on the load conditions. For the nominal cur@&B0 mA, the input
voltage is as high as85V. This corresponds to a voltage drop of 350 mV across the pa
element. However under heavy load conditions the inputigeltcan drop down to.3V.
Thus, the dropout voltage of the regulator should be at thed tf 100 mV or less.
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4.4 Main topologies of linear voltage regulators

There are only two main linear voltage architectures. A eoonal (classical) voltage
regulator uses an-channel transistor in a source follower configuration, levia low-
dropout [LDQO) voltage regulator employs @channel device in a common source
architecture. A brief comparison of both topologies is préed below.

In many commercial applications voltage regulators usiipglar transistors as pass
devices are still very common, mainly because they can geotiigh output currents.
The technology planned to be used for the upgrade of the-&odtelectronics does not
support bipolar devices, so the regulators described sctipter empldy MOSFETs.

4.4.1 Linear voltage regulator based om-channel transistor

A schematic diagram of a conventional linear voltage regulis shown in Fig._4)2. The
output voltage is sensed via the resistive voltage diviBer andRg2) and compared with
the reference voltage. Then the error signal is fed backag#te of the NFETMpass

MPASS
[og u O
3 Res
V|N VOUT
TVREF 3 R,
[og T _I_ O

Figure 4.2: Schematic diagram of a simple, classical linear voltageleggr
employing am-channel pass transistor.

The regulator using an-channel transistor has a big advantage over the archigectu
employing ap-channel transistor, because it is inherently stable daeviery low output
impedance of the source follower stage [110]. Additionathe higher carrier mobility
results in lower on-resistance of the NEET in comparisoh wie identica PEET and the
voltage drop across the pass device, for a certain curréhglways be lower[[111].

On the other hand, a conventional regulator requires aip®dirive signal with
respect to the output. It implicates higher dropout voltagdess some auxiliary circuitry
(i.e. a charge pump) is introduced into the design. Such sueigan be solved by
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employing a zeroin INF_E'IH a transistor with nearly zero threshold voltage. Thisvedlo
a sufficiently high overdrive voltage to be reached, and sucdgulator becomes in fact
an[LDQ regulator.

gain

»

%Nrequenc'y

Figure 4.3: Frequency response of a clasi€al NFET-based linear voltage
regulator.

Figure[4.3 shows the frequency response df an NFET-basear lioltage regulator.
A conventional voltage regulator has two poles, denote&asnd P,. The dominant,
low frequency pole?; comes from the error amplifier. The pdRe is a product of the
low output impedance of the source follower and the outppiacdor. Usually,P; is
near or greater than the unity-gain bandwidth so a good pinasgin is relatively easy
to obtain. One should note that in order to provide good filtecapability of fast AC
signals, adding a large output capacitance can be reconadgigt it is not required from
the standpoint of stability.

4.4.2 Low-dropout linear voltage regulator based omp-channel tran-
sistor

Figure 4.4 shows a schematic diagram of a linear voltagdataemploying g-channel
transistor as a pass element. The orientation of the pasestesignificantly changes the
characteristics of the regulator. The pass transistorad usa common-source topology
and becomes an amplifying stage. This produces additieB8t phase shift and makes
the voltage regulator based oh a PFET inherently unstable.

To achieve control loop stability, the PEET-based voltaggifator requires an exter-
nal output capacitor with a non-zero Equivalent Series Resie [ ESR compensation is
commonly used, mainly due to its simplicity. A large outpapacitor also guarantees
better filtering capability for high frequencies. In somedfic cases it is required to

3ZeroV;» [NFET also called "natural” transistor is an optional dedgailable in some modefn CMOS
technologies, obtained by blocking tpevell implants during the manufacturing process.
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Figure 4.4: Schematic diagram of a simple LDO linear voltage regulator
employing ap-channel pass transistor.

obtain a stable system without the use of any external coemienThis can be achieved,
but usually one has to pay a price in the system complexity ifteresting solutions to
this problem can be found in [112] and [113].

The frequency response offan LDO regulator employipgcaannel transistor, shown
in Fig.[4.5, is more complex that the frequency response efalator, based amchannel
device in a source-follower configuration.

A non compensated LDO voltage regulator has two low frequerdes,P; andP.
A dominant poleP; is a product of the output capacitance and the high impedsese
from the output of the regulator. The second pdtg, is an internal pole of the error
amplifier. The frequency response of such a non compensatedj& regulator is show
in Fig.[4.54.

The regulator becomes stable if a capacitor with a pardsS8ig is added at the output.
By doing this the designer introduces another pBi¢ énd a Right Half-Plané (RHP) zero
(Zo) into the circuit. ZeraZg is absolutely essential for the control loop stability, dese
it produces a+90° phase shift, and thus it makes the linear regulator stabhe third
pole P3) is usually not an issue, unless it is located in a high fraqueegion, above the
unity-gain bandwidth. The frequency response df an . DO aamspted with an external
capacitor is shown in Fi. 4.bb.

One should note that for a given value of output current artgudicapacitor, there
is @ minimum and maximum value of the ESR, for which the reguledmains stable.
This range is called the "tunnel of death” [108]. The poleazsvmpensation technique
is successful if the zero is equal or close to the pole. KegtiaESR inside the narrow
"tunnel of death" is not a trivial task, since the resistarae\ary by orders of magnitude
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Figure 4.5: Frequency response of[a_ PEET-baked 1.DO voltage regulator
without (left) and with (right) the compensation.

(between few tens of @ and fewQ), depending on the type of capacitor, the temperature
and the frequency. For example, if the ESR decreases, th&gstarts moving towards
high frequencies and finally exceeds the unity-gain banthyitie system would become
unstable. On the other hand, if the ESR increases, the Rotaoves towards lower
frequencies, again resulting in system instability.

4.5 Design of the low-dropout regulator using an-channel
MOS device for voltage regulation

The first of two linear voltage regulators prototypes présen this thesis is based on
ann-channel pass transistor. The TBM 130hm CMOS process offerzehovi, NMOS
transistors, hence then can be used in the design.

The expected output voltage from the switched capacitor BCs2p-up converter
is around 155V, assuming the nominal load conditiong(t = 30mA). This voltage
may however vary, depending on the current consumption enatialogue front-end
eIectronic@. The minimal output voltage from the step-up converter,&dreavy load,
is expected to be approximately3V.

Figurel4.6 shows a schematic diagram of the prototype linaléaige regulator based
on a zerov;, NEET. The design consists of the following blocks: bandgafiage
reference circuitry with théRC filter, error amplifier, pass transistoMfpasg, resistive
sensing networkRr1, Rr2), compensation networkC¢1, Cez) and load. The load is
realised with an external capacitGgyt (with Resp and a resistoR, .

The voltage reference circuit provides a constant voltd@8a@ mV. It was designed

4The current consumption in the analogue front-end eleictsarf thel ABCN-13 chips is expected to be
rather constant (around 30mA in case of 128 and around 70 nz&se of 256 read-out channels for the
short silicon strip sensors). However, some fluctuations larger thant-20 % of the nominal current) are
unavoidable.
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Figure 4.6: Schematic diagram of the linear voltage regulator protetypsed
on a zerov;, h-channel pass transistor.

at[CERN and primarily used in the GigaBit TransceiVer (GBT) prbjén order to assure
good reference voltage quality, the output from the bandgapit is additionally filtered
with the R-C network consisting of two identical resisto®;(= R, = 50kQ) and the
capacitorC, = 1 pF, fully integrated on the silicon die.

The design of the error amplifier is more complex and it willdesscribed in detail in
the next section.

The compensation network is necessary to obtain the dtatilihe presented voltage
regulator. An extensive description of the technique daftlele splitting, applied in the
design, can be found in [V6] and [114]. The values of the dépac(Cc, = 2.0 pF and
Cc2 = 1.2pF) have been chosen on the basis of simulations carriethdbe[SPICE
environment. Both capacitors are fully integrated into thipc

The sensing network is realised with two polysilicon resisR-1 andRg2. The ratio
of these two resistors defines the output voltage accorngioghe following formula:

Re1
\V/ =V 1+ — 4.8
ouT REF( + RFZ) ) (4.8)

whereVpoyT is the output voltage andrer is the stable reference voltage provided by
the bandgap circuitry. Assuming an output voltage @\4, the ratioRg1/Rr2 must be
equal to 0884. The resistor values have been arbitrary chosen ®R-he- 50kQ and
RrF2 = 56 kQ. This choice guarantees the output voltage a few tens of givenithan
expected RV, so theVoyT is kept at correct level for all the process corners.

The load of the converter comprises the large capacitor 100nF and the load
resistancelR . This capacitor is too big to be implemented on the chip. Isniie external.
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It is however possible to use a small SMD package, e.g. 06@&natler. For simulation
reasons, th&:srof 10 is added. The exact value BEsris not well defined and has
to be measured separately for each capacitor. The loadlr@sisised to enforce a proper
load current.

4.5.1 Design of the error amplifier

The proposed error amplifier consists of three main blodies current reference circuit,
the first and the second amplifying stages. They are briefligri@ed below. A schematic
of the entire amplifier, used in tHe NFET-based voltage ®&#gul together with the
transistors sizing can be found in Fig. 4.11 and Table 4.theaénd of the section.

Current reference circuit

The biasing cell is realised using a threshold-referenopdlbgy with a simple startup
circuit. The circuit generates a constant current, inddpanof the voltage supply. This
technique is known as4y-referenced source or a bootstrap reference [76]. Figute 4.
shows a current reference circuit.

T
Ry M lII—_| I:M—H: "
e S il?
Mg JF—1
Vass %RZ
L

Figure 4.7: Schematic diagram of the biasing cell with the start-upuiingsed
in the design of the error amplifier.

The operation principle of this circuit is simple. The cuntrenirror M3 andM4 ensures
that currentdz andl, are equal. The curreid, flowing through the transistdvlg, creates
a gate-to-source voltagés;gs. Currentls flowing in the second branch (through the
resistorRy) results in a voltage drop dfjR., equal toVgg. By comparing these two
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conditions one gets the second order equation:

Al )1/2 (4.9)

IR =Vih+ (| ———
2 " (UOnCoxW6

wherel = I3 = I4 represents the unknown currepg,Cox iS a technology constaritys
andLg are the width and the length of the transisity, respectively. This polynomial
equation has two roots, one for: 0 and the second for a certain equilibrium voltage. In
order to assure that the correct equilibrium point is chpdenpresence of some start-up
circuitry is required.

The start-up circuit consists of three elements, the tstamsM; and M, and the
resistorR;. The current pumped by the transistdp into the drain ofMg moves the
circuit to the desired equilibrium point. After the currentMg increases, the voltage at
the source oM also rises up and the transistor shuts off.

First stage of the error amplifier

The first amplifying stage is implemented using a foldedzode topology![76] with
the[NEET input pair. The simplest possible implementatibthes circuit is shown in
Fig.[4.84. The folded-cascode architecture provides gopdticommon-mode range,
power-supply rejection and relatively good small signdtage gain, which assuming
ideal current sourcdg andl,, can be expressed in a following way:

_ 9m -gm2

AV ~ 9
Odst "Od=2

(4.10)
wheregmi 2 andgqq 2 are the small signal transconductances and the draindi@eso
conductances of transistdv andM,, respectively.

One should note that in some specific cases the voltage gaimed from the folded-
cascode circuit may be insufficient. There is a simple watdhaws a significant boost of
the voltage gain without loosing the amplifier'’s bandwidtihis technique is called gain-
boosting. The general concept of gain-boosting is predent&ig.[4.8h. An amplifier
with a voltage gain of-ky, driving the gate of transistdi, introduces a negative feedback
loop. This leads to an increase of the output impedance ofnhie cascode amplifier,
and hence to the increase of the voltage gain. The amplifirebbeamplemented as a
single transistor in a common-source configuration. Theifigabarchitecture is shown
in Fig.[4.8¢ [115]. The transistdvl; is connected between the source and the gate of
transistoiM,. The voltage gain obtained thanks to this improvement caappeoximated
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with the following expression:

— __9m1-Gm2 -gm3

~ . (4.11)
Y 29ds1 *9d<2 "3
l—oVBIAS Vin o—| M,
" Vour —Vour
a) b)
VDD VDD

Figure 4.8: Topology of a simple folded-cascode amplifier (a), possijalm
enhancement of the folded-cascode amplifier using a gaistimy technique
(b) and its practical implementation (c).

The schematic diagram of the full gain-boosted folded-odscop amp circuitry
applied in the discussed error amplifier design is shown m [Ei9. Then-channel
transistorsM13 and My4 are used as the input pair. Transisttds; and My» are the
cascoding transistors. The cascode current source als®ufNMOS transistordo
throughMog, allows both high output impedance and high voltage gainetolitained.
TransistorsM1g and Myg, connected in common source configuration act as auxiliary
amplifiers (with the voltage gain ofk,) from Fig.[4.8b. The transistdviyg helps to
isolate the source d¥1,2 from the output signal. Also the drain of the input trangisto
M14, is better isolated so the signal from the output influenlsegltain current to a lesser
degree and thus the DC voltage gain of the amplifier increases
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Figure 4.9: Schematic diagram of the first amplifying stage using a ad&sco
current sink.

Second stage of the error amplifier

Due to the use of the gain-boosted folded-cascode topalbgwoltage gain obtained in
the first stage of the amplifier is sufficient and the secondifymy stage is not actually
required to further increase the gain. One should however that the error amplifier
must drive the gate of a large pass transistor. In additiom,pbtential on this gate is
almost as high as the supply voltage. Therefore, the se¢agd s necessary to operate as
a level shifter driving the large gate capacitance of the pasice. Without this buffering
stage the proper biasing of the transistors in the foldedade circuitry would not be
possible.

The error amplifier used in the presented design employs ssicl source fol-
lower topology [116], based on p-channel transistor as the second amplifying stage.
A schematic diagram of the second stage is shown if Fig] 4.10.

Although the voltage gain of the source follower is closerdyy it has the advantage
of a very low output resistance. Due to that fact, the outmi¢ pf the second stage is
located in the high frequency region, well beyond the ugiéyn frequency. The output
resistance of the presented the circuit can be approxinaasted

1
"~ Oma2+ Omis2’

RouT (4.12)

wheregng2 andgms2 are the small-signal transconductance and the body tradace
tance of the transistdvlz,, respectively.
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Figure 4.10: Schematic diagram of the source follower used in the dedign o
the error amplifier.

Assuming high values afysg and I’dsgzﬁ, the small-signal voltage gain of a circuit
shown in Fig[4.10 is given by a formula:

Om32°ds32
Ay ~ . 4.13
Y 1+ (gme2+ Omis2) a2 (4.13)

4.6 Results obtained fro -based voltage regulator

This section contains the simulation results of the classwltage regulator. The pre- and
post-irradiation measurements results are also presantediscussed later on.

4.6.1 Simulation results of thé NFET-based voltage regulator

Theoretically, the electronic system should be stablesiftiiase margin equals one degree.
However in practice, a margin of 26- 30° is considered to be a safe value. Extensive
considerations about the stability of feedback system&edaund in[[76] and [116], and
will not be discussed here.

Figure[4.12 shows the Bode diagrams of the preseénted NFESdHa®ar voltage
regulator. The plots are used to evaluate the phase mahgimnity-gain frequency and
the[DC gain of the regulator. Usually it is difficult to obtairhigh speed system and good
stability, while keeping the power consumption at a reabtnkevel. In the presented
regulator the unity-gain frequency is as high as.526Hz with the phase margin of 76

Srass0 andrysso are the small-signal drain-to-source resistancedfandMs,, respectively
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Table 4.1: Parameters of the transistors used in the
design of the error amplifier shown in Fig. 4111.

Transistor Width | Length
M1 20.0pm | 2.00pum
M> 20.0pum | 0.50pum
Ms, Mg 10.0um | 5.00pm
Ms 20.0pum | 0.50pum
Mg 20.0pum | 2.00pum
M7 20.0pm | 5.00pum
Mg, Mg, M1p, M17 | 2.00um | 0.50pm
Mio 10.0pum | 0.50um
M13, M14 150 um | 0.20pum
M1s 2.00pm | 0.50pum
Mg, M17 12.0um | 0.50pum
Misg 1.00um | 0.50pm
Mig, M2g 6.00pum | 0.35um
M1, M2o 100pum | 0.15um
Mas, M2g, Mos, Mog | 8.00um | 0.50um
My7, Mag 1.50um | 3.00um
Mag 3.00pm | 3.00pum
M3o 90.0pm | 0.20um
M3z 10.0um | 0.20pm
M3o 50.0um | 0.14um
Ms3, M3y 2.00pum | 0.50pum

Figure 4.11: Schematic diagram of the error amplifier used
in the linear voltage regulator based on[the NMOS pass s#nmsi
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The simulated quiescent currenp) is 380uA, including 38uA drawn by the
bandgap circuit. For the supply voltage 0bY it gives 570uW, which is approximately
0.7 % of the total output power.

The[DQ gain in the feedback loop of the regulator is not reglito be very high. In
the presented design it is as high as/aB.
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Figure 4.12: Bode plots simulated for the NFET-based voltage regulator,
representing the gain and the phase margin as a functioeaidéncy.

The value of thé PSRR as a function of frequency is presentédgind.13. The
analogue front-end requires the PSRR of the voltage reguiatoe as high as possible.
It is especially important in the frequency range betweenHzMind 10 MHz, where
the front-end electronics is the most sensitive to distacka occurring on the supply
line. Therefore, following discussions with the front-edesigner it has been decided
that the minimum value of the PSRR should be at least 20 dB elndbke of the presented
voltage regulator, the lowest PSRR is 17.9dB, observed atjadreey of 2 MHz. At low
frequencies it is as high as 23iB.

Transient simulations performed with the Spectre Circuit8ator (Fig[4.14) show
the time evolution of the voltage in three important nodeghefcircuit: the supply line
(top), the output of the bandgap circuit (middle) and thepatibf the voltage regulator
(bottom). The supply voltage is ramped up t& ¥ in 1 ms andvrer andVoyT follow
this. Itis important to mention that the bandgap circuigguires a reset signal for proper
startup. This signal is applied atllms and results in temporary increase (up .#46YV)
of the reference voltage which then drops down to its nomiakle of 637 mV.

In order to simulate the possible voltage fluctuations awegron the supply line,
a periodic voltage step of,_p, = 50mV is applied. The change of the supply voltage
triggers small fluctuations of the output voltag®/oyt = 1331uV. Hence, the line
regulation parameter according to Eq.|4.1 is calculatecet0.®7 %. Figuré 4.15 shows
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Figure 4.13:[PSRR as a function of frequency simulated for[the NFET-based
voltage regulator.
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Figure 4.14: The supply voltage (top), the reference voltage (middlie) e
voltage response from the proposed classical NFET-baskaigeoregulator
(bottom).

the rising and falling edge of the voltage signal appliechatihput of the regulator and
the simulated transient response of the circuit.

Another key parameter, the load regulation, is simulatedpplying a current step at
the output of the regulator. The transient response of aitii@the current step of 15mA
(around 20 % of the nominal output current value) is shownign[&16. The difference
between the output voltage levels before and after the munteange is applied, is as
high as 155 V. The load regulation calculated according to 4.2 iualbd %. The
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transient response simulated for the same current st&riz~ 7.74mV.
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re 4.15: The voltage step applied at the output ofthe NFET-basedgelt
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re 4.16: Simulated transient response of the NFET-based voltage
regulator to the current step of 15mA applied at the cirguotrtput.

results of the NFET-based voltage regulator

The following paragraphs comprise a discussion of testtefiom the prototype of the

linear voltage

regulator employing a zevg-[NMOS pass transistor. To facilitate the

comparison of the pre-irradiation and post-irradiatiomdsgour of the circuit, all the
results have been presented in the same section.

The irradiation tests have been performed using the same CERiduse X-ray
generator as previously described in Seclion 2.3. The fqmtochips with the voltage



4.6 Results obtained fro -based voltage regulator 137

regulators were mounted on the FCBs (Eig. 4.17), irradiatetb tipe[ TID of 200 Mrad
within around 60 hours and then annealed at’IDfor 168 hours.

Figure 4.17: The[PCB with the prototype chip mounted in the middle.

In order to evaluate the performance of the voltage regutatd its possible applica-
tion in the futurée ABCN-1B read-out chip, the following tests/a been performed:

 the measurement of the DC transfer characteristics ofdliage regulators;

+ the measurement of the DC output characteristics; and

* the measurement of the transient response to a currenagpdipd at the output of
the circuit.

The very first measurements have shown that the output wlamn all tested
regulators is systematically lower by about 80 mV in conmgxami with expected .2 V.
This discrepancy is caused by the low reference voltageigedwby the bandgap circuit
integrated in the chip. In this case, instead of the simdlsgF = 637 mV, a reference
voltage of 593 mV has been measured on the chip. In order ésiigate this unexpected
behaviour some additional simulations of the bandgap itiveere performed. It was
discovered that the bandgap circuitry is very sensitivertp eurrent drawn from its
output. In particular, B DIC current of 600 nA results in Yhger = 593 mV, so the same
as measured during the tests.

In addition, it has been measured that the value of the meergoltage is not only
lower than expected, but also increases monotonically tieiTID. The measured
percentage change between the initial and post-irradigtb 200 Mrad) value oYrer
Is 6%. It is obvious that the low reference will increase tbever losses due to a higher
voltage drop on the pass transistor. Despite that fact nitiali(pre-irradiation) value of
the power efficiency measured fupp of 1.5V is above 74% and rises up to 78% at
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high[TID. The evolution of the measured value of the refeeevaltage and the power
efficiency together with the TID is presented in Fig. 4.18.
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Figure 4.18: Evolution of the reference voltage (left) and the power &fficy
(right) of the classical voltage regulator with the TID mesesl for the supply
voltage of 15V.

Figure[4.19 shows the transfer characteristics measurethéopresented voltage
regulator in two different configurations of the test setugth an external and internal
reference voltage provided by the power supply unit and kegrated bandgap circuit,
respectively. In order to measure the transfer charatits;jishe input voltage was swept
from 12V to 1.6V and the output voltage was monitored. This procedure leas b
applied to the pre-irradiated chip and then repeated aftenydrradiation step, and the
annealing. During the test, the regulator was loaded withZOFigure 4.19 presents five
transfer characteristics, measured before the irragiatty thel TID of 1 Mrad, 10 Mrad,
200 Mrad, and after annealing.

The shape of the characteristics does not change signifiaduning the irradiation.
The regulator provides a stable output voltage.@M\.for an input voltage range between
1.3V and 16V, the maximum supply voltage at which the thin gate oxideaks may
be operated. The dropout voltage, the minimum sourcedoraoltage at which the pass
transistor still has the ability to regulate the voltage/dgs = 100 mV.

It has already been mentioned that the reference voltagegekawith thé TID. This
has an influence on the value of the output voltage and theeshiaihe characteristics.
Depending on the dose, the output voltage varies betwegh5Y (pre-irradiation
measurement) and182 V (at 200 Mrad). After annealing it drops down again b6l V.

The output characteristics are shown in Fig. 4.20. On theslmithese curves one
can estimate the_DC output resistance of the regulator. Theacteristics have been
measured by applying different load to the output of the la&gu and monitoring the



4.6 Results obtained fro -based voltage regulator 139

Output Voltage [V]

1.20

2 2222 2222 1.18 A A, A A AAAAAAALALAALA
w LA A A LA A 4 & 4 a
$ x
¢ —_
.V E‘ 1.16 Bt SAGEE AL ES
v & N/ 000000000000
g v
\ < 114 $
® > IS
v = Y
* Eon $
v = . v

L] =} ?--.--umo»o.ounoooou

\ o “prerad @ ST Tprerad T @
® ; TID = 1Mrad : 1.10 ; TID = 1Mrad |

w { TID=10Mrad & | . © TID=10Mrad &

® ! TID=200Mrad 4 | TID=200Mrad A
: L....annealed v ! L....annealed v !

1.2 1.3 14 1.5 1.6 1.2 1.3 14 1.5 1.6
Input Voltage [V] Input Voltage [V]

Figure 4.19: Transfer characteristics of the classical voltage regulat

measured before the irradiation, for the TID of 1 Mrad, 10&#aad 200 Mrad,

and after annealing for externally (left) and internallyglit) generated
reference voltage.

output voltage at the same time. The output current was @thfigm 40 mA up to
100 mA. The calculated DC output resistance.Bl®@, measured for the circuit with the
external reference voltage. The output resistance doeshaoige significantly with the
TIDl However, it is higher than expected from the simulasioff the internal bandgap
circuitry is enabledRoyT varies between.@8Q and 036Q
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Figure 4.20: Output characteristics of the classical voltage regulaeasured

before the irradiation, for the_TID of 1Mrad, 10Mrad and 206x6l, and

after annealing for externally (left) and internally (riylgenerated reference
voltage.

There are two main sources of the discrepancy observed betilie simulation and
measurement results. Firstly, the output resistancerimgntally low so it can be easily
increased by the additional parasitic resistance of thel bores, metal lines on the chip
and thé PCB, like it was in the case of the switched capacitor @G{ep-down converter
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presented in Chapter 3. Secondly, it has been observed th&pictre models are not
accurate enough and may give incorrect estimates. Thie lsas already been reported
by the FE-IE design team [117].

The transient response to a current step applied at the toaftphe voltage regulator
is presented in Fid. 4.21. In order to obtain these wavefpthestest setup has to be
modified by adding a switched resistive load in parallel t® tiominal load resistance
enforcing the constant output current. The presented teesainfirm the good AC
performance of the regulator. High phase margin allows &mt smooth transient
response to be obtained, and no ringing is observed.

It has been measured that a change in the output current whcrbi5 mA causes
the output voltage to change by3snV. The amplitude of the current fluctuation was
chosen to correspond to the expecte?l0 % fluctuation of the current consumption in
the analogue front-end electronics. The calculated outgsistance is slightly above
3601, similar to the value measured from the output charactesistThe additional
50 mQ comes from the cabling and the parasitic resistance ¢f theWww@Bhe switching
load. It is worth mentioning that the presented voltage leguwill be integrated on the
same silicon die as the analogue front-end electronicegfibre the problem of parasitic
resistance will be significantly reduced.
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Figure 4.21: Measured transient response of the classical voltageategub
a current step applied at its output.

SFE-14 is a pixel integrated read-out circuit designed f@lATLAS| Inner Detector upgrade.
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4.7 Low-dropout regulator using a p-channel MOS de-
vice for voltage regulation

The second linear voltage regulator prototype presentédisrthesis employs[a PMOS
transistor as a pass element, so it can be called LD@georegulator. The
regulator’s output voltage has been set ®\1, compatible with the requirement for the
analogue supply voltage of the futire ABCNF13 chip. The regulés equipped with
a bandgap voltage reference circuit providwiger = 637 mV. However, the reference
voltage can also be applied from an external source.

A schematic diagram of the proposed voltage regulator isvehia Fig.[4.22. The
entire circuit consists of the following blocks: bandgaptage reference circuitkR-C
filter (Ry, Ry, Cy), error amplifier, pass PMOS transistdgasg, sensing networkRg1,
Rr2), compensation networls, Cr, Cc, Rs) and output capacit®@oyt. For simulation
purposes the regulator has been equipped with a load neBistdrhe load capacitor is
too big Cout=100nF) to be integrated on a chip, hence an extérnal ISMD ooer
must be used. Such a capacitor has a non-zero EquivaleesResistanceé (E$R) which
Is very important from the viewpoint of the circuit stabjliand will be discussed later.
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Figure 4.22: Schematic diagram of the linear voltage regulator proetygsed
on ap-channel pass transistor.

The bangap circuit is the same as was used in the previoussepted classical
voltage regulator. Also th&-C filter and the sensing network consisting of resistors
Rr1 =50kQ andRg> = 56 kQ are identical.

TheW!/L ratio of thef PMOS pass transistor has been calculated to Belt® so it
can handle the output current of 70 mA and maintain the #tlboil the system. Hence,
setting the channel length to the minimum value dfZum, gives a width of 15 mm.
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In order to provide unconditional stability of the systemslaw-rolloff frequency
compensation has to be introduced to the DO circuit. The pmreation network
consists of thé PMQS transistMs (Ws/Ls = 1.00um/0.16um), resistorRs = 6 kQ,
feedback capacitoCr = 2pF and the compensation capacitt¢ = 1.2pF. The
compensation scheme is based on a rolloff technique, agilledan [118]. This
technique introduces a dominant half-pole whose magnitalie off as the square root
of frequency, giving a phase shift of only 45 A half-pole is realised by alternating
poles and zeros with a constant frequency ratio. A detaiftealyais of[LDO voltage
regulator circuitry employing the slow-rolloff techniqaan be found in [119]. The most
important fact is that the presented solution allows theutito maintain stability despite
the changing values of the ESR in the output capacitor.

4.7.1 Design of the error amplifier

The architecture of the error amplifier used in the presealede LDO voltage regulator
is very similar to the one presented in Section 4.5.1. Theeotireference circuit is
identical. Small improvements have been made to the bidseofascode current source.
In order to decrease the output resistance of the secone, stagrchitecture of a super
source follower has been used. The entire schematic diaigrahown in Fig[ 4.25 and
the transistor sizing, in Table 4.2.

First stage of the error amplifier

The first stage of the error amplifier is presented in[Fig. #d@mprove the voltage swing
at the output of the folded-cascode, the classical casaadent sink was replaced by the
high-swing cascode current sirk [76]. A modified circuit iegented in Fid. 4.23. Due
to that change, the output voltage is reduced by the valig, pivhile the transistordo,
andMyg still remain in saturation. The disadvantage of this metlkdbat it increases the
power consumption of the amplifier in order to provide propising (transistor#lg;
andMgy).

Second stage of the error amplifier

For stability reasons, it is important to keep the pole ofdahwlifier at high frequencies,
beyond the unity-gain bandwidth. The output pole of the d@meplis a product of its
output resistance and the load capacitance. The presemigldiar is loaded with the
gate capacitance of the largeechannel transistor, so it is important to keep the output
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Figure 4.23: Schematic diagram of the first amplifying stage using a high-
swing cascode current sink.

resistance at a sufficiently low level. This can be achieweithout the significant
increase in the area or power dissipation, by employing thgerssource follower
architecture[[116] shown in Fig. 4.24.

| |: M3, Vour

Figure 4.24: Schematic diagram of the super source follower circuit.

The output resistance of the presented circuit is loweredtduhe applied negative
feedback loop. Assuming that the current soudgs andMs3 are ideal (g0 — © and
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rqsss — ooﬁ), the output resistance can be expressed as:

1 1
Rout = Om31+ Omis1 (grrBZ'rd§31> . (4-14)
Comparing equations 4.12 and 4.14, one can immediately hatete output resistance
of the super source follower circuit is reduced by a factofgak2-rqs1) in comparison
to the standard source follower architecture.
The voltage gain of the second stage of the error amplifietsis modified by the
feedback loop and this is expressed as follows:

A, ~ Om31-lds31 . (4.15)

1
1+ (gm31+9mts1) fds1+ ————
Om32lds32

Therefore, there are two reasons to keep the produgi-rqg»> as large as possible.
Firstly, it allows a significant reduction of the output sgance and as a consequence
improves the stability of the whole system. Secondly, lagkp - rgs2 does not degrade
the small-signal voltage gain.

4.8 Results obtained fro -based voltage regulator

Due to the fact that the architecture of the LDO voltage retgul presented in this
section is similar to the previously discussed classiaglilisgor, all simulations and tests
performed to evaluate the circuit are identical. This sectontains the results from
evaluation and radiation tests for the LDO circuit.

4.8.1 Simulation results of the LDO voltage regulator

An[AClanalysis (Fid. 4.26) was performed in order to detemtie speed and the stability
of the[LDQ regulator. The simulated value of the unity-gaegtiency is 60 MHz and the
phase margin is close to 70 The[DQ voltage gain in the feedback loop is as high as
73.1dB.

"rass0 andrysz are small-signal drain-to-source resistanc#lgf andMas
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Table 4.2: Parameters of the transistors used in the
design of the error amplifier shown in Fig. 4125.

Transistor Width Length

M, 20.0pum | 2.00pum

M, 20.0pum | 0.50pum

M3, Mg 5.00pum | 5.00pum

| = Ms 20.0pum | 0.50pum

= T Ms 200um | 2.00um

uz — M- 20.0um | 5.00um

J = Mg, Mg, M1g, M11 | 2.00um | 0.50um

_j’ T‘—L Sy M1, 14.0um | 0.50um

= = = Mi3, M14 150 um | 0.20pum

_j i Mis 2.00um | 0.50um

z = Mgy 7.00pum | 0.50pum

;’ M2 2.00pum | 0.75um

= = Mqe, M17 15.0um | 0.50pum

[ M1 1.00um | 0.50um

LTJ M1g, M2g 6.00um | 0.35um

1 2 . |g M21, M2z 10.0um | 0.15um

Sl W iy Maa, Maa, Mas, Mag | 10.0um | 0.50um

- ’{ M7, Mg 1.50pum | 3.00um

] Mag 3.00um | 3.00um

gT = & M3so 20.0um | 0.50um

AR e Ma; 50.0um | 0.14pm

—‘7 J M32 50.0um | 0.15um

= an: Mas 8.00um | 0.50um
| =

G ﬂ Hi

|

=

Figure 4.25: Schematic diagram of the error amplifier used
in the linear voltage regulator based on[the PMOS pass $tansi
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Figure 4.26: Bode plots simulated for ttie LDO voltage regulator, repméiag
the gain and the phase margin as a function of frequency.

The current consumption for the nominal operation cond#idoyt = 70 mA and
Vpop = 1.5V) is around 50@A (including 38uA drawn by the bandgap circuit), which
gives the total power of 750W. The power consumption is slightly higher than in case of
the previous design, because of the biasing circuit usdtkihigh-swing cascode current
sink (Fig.[4.9 and Fig. 4.23).
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Figure 4.27:[PSRR as a function of frequency simulated forthe 1.DO voltage
regulator.

The[PSRR of the discussed LDO regulator as a function of fregyuis presented in
Fig.[4.27. At low frequencies its value is determined by tam@f the error amplifier and
is as high as 74 dB. It drops down for higher frequencies reaching a localimim of
17.6dB at 2 MHz.

Figure 4.28 depicts the transient simulation results ofdéig@lator, the supply voltage
line (top), the output of the bandgap circuit (middle) anel tutput of the regulator itself
(bottom). A brief description of the simulation proceduende found in Sectidn 4.6.1.
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One can note that the output voltage remains stable desgitifuictuations observed at
the supply line. The simulated value\g$yt is 1.21V.
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Figure 4.28: The supply voltage (top), the reference voltage (middle) e
voltage response from the proposed DO voltage regulatitdin).

The line regulation parameter can be evaluated by applyireguiations on the supply
line and monitoring the output voltage. Hence, voltagegmigith an amplitude of 50 mV
result in the output voltage change of 1B8V. The rising and falling edges of the voltage
step with the transient response of the circuit are showigid=29. According to Eq. 411,
the calculated line regulation is4D %.

A current step of 15mA has been applied at the output of traiitjrincreasing the
load current from 70 mA to 85 mA. The change of the load coadgicauses a small shift
of the output voltagedVoyt = 29.8 uV. The load regulation calculated A%y /AlouT
is around ®R0%. The simulated transient response for the current dtefb mA is
AVrr = 7.33mV. Figure 4.30 shows how the LDO reacts to the output aticleange.

4.8.2 Testresults of the LDO voltage regulator

Both voltage regulator architectures presented in thegtagsisimilar. The requirements
for their operation are identical and so is the measuremmeepgure. The behaviour of
the integrated bandgap voltage reference circuit and thepefficiency of the regulator
will not be discussed here, because results obtained arpatine with those presented
in Fig.[4.18.
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Figure 4.29: The voltage step applied at the output of the ofithe .DO veltag
regulator (top) and the voltage response observed at thpaioat the circuit
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Figure 4.30: Simulated transient response of the LIDO voltage regulattre
current step of 15mA applied at the circuitry output.

Figure[4.31 shows the transfer characteristics measurdgdefd DO voltage regulator.
The presented curves have been measured before irradifdiothe[TID of 1 Mrad,
10Mrad, 200Mrad and after annealing. They have been celetir the external
reference voltage of 637 mV and the internal reference gelfmoduced by the bandgap
circuit. The regulated output voltage for the stalibe r remains close to.2 V all the time
during the irradiation. The measured dropout voltage ig 60lmV, so half of that of the
previously discussed voltage regulator. Due to this faetjmput voltage range is slightly
wider, between 25V and 16 V. However, if the internal bandgap circuit is enabled the
output voltage varies significantly depending on[thelTID e Titial Vrer results in an
output voltage of 112 V which then rises up t0.18V, measured at 200 Mrad.

All the output characteristics presented in Fig. #4.32 haenlmeasured for the supply
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Figure 4.31: Transfer characteristics of the LDO voltage regulator mes$

before the irradiation, for the_TID of 1Mrad, 10Mrad and 206x6l, and

after annealing for externally (left) and internally (rtyjlyenerated reference
voltage.

voltage of 15V and the reference voltage produced either by an extemats or the
integrated bandgap circuit. The output resistance cdkxuilan the basis of these curves
is 0.31Q and it remains constant regardless of the ITID. There is atssignificant
difference between theoyT measured for the external and interMageg.
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Figure 4.32: Output characteristics of the LDO voltage regulator meadur

before the irradiation, for the_TID of 1Mrad, 10Mrad and 20€aM, and

after annealing for externally (left) and internally (rtylgenerated reference
voltage.

The transient response of the LDO to a current step appliési@itput is presented in
Fig.[4.33. By using a simple switched current source, a stépeoAmplitude oMoyt ~
145mA is applied. The output voltage fluctuation caused by tmenge of the load
Is AVouTt ~ 5.4mV. The output resistance calculated on this basis is ar@70 nQ.
However, as has already been mentioned, it will further lgeiced if the regulator is
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integrated in the same chip as the read-out electronics.
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Figure 4.33: Measured transient response of the IDO voltage regulatar to

current step applied at its output.

4.9 Design of the VREGO013 chip

The VREGO013 chip is a 2 2mn? [ASIC designed and manufactured using fhe 1BM
130nm_CMQOS technology. The layout of the chip from the Cadeniceidso Layout
Editor™ and its microphotograph are presented in Fig. 4844 4.34b, respectively.
The chip contains two prototypes of the linear voltage ragusk, planned to be used in
the design of the futufe ABCN-13 chip.

AN

LRSS

L

Figure 4.34: Layout of the DCDC013 from Cadence Virtuoso Layout Suite
(left) and the microphotograph of the chip bonded fto a PCgh(i

Each voltage regulator, the classical one based on thé/genechannel transistor and
thelPMOS-basdd LDO, are additionally equipped with sepdrandgap voltage reference
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circuits with dimensions of 1000 200um?. The chip is also equipped with two arrays of
complementary transistoris (NFETs and PFETS), designeidréaliation tests of CMOS
structures at low temperatures. The transistors makinpegetarrays are identical to the
devices used in the digital standard cells.

Similarly to the DCDCO013 chip, the VREGO013 is also equipped WBidhshort pads
provided by thé IBM library. Only 36 pads are used by the vataggulators. The
remaining 44 are used by the transistors in[the] TID matriddse multiple power and
ground pads are interleaved in order to reduce possible pmsses and wire bond
inductances. Each voltage regulator is supplied with ars¢pgower domain but the
ground is common. Also each bandgap circuit has a dedicatwedrpad. Although the
bandgap circuit is meant to provide a constant voltage o®3/there are dedicated
pads allowing an extern&ker if needed. The same pads allow the value of the reference
voltage to be monitored.

4.9.1 Layout of thelNFET-based voltage regulator

The layout of the linear voltage regulator, using a 2dfpn-channel transistor is
shown in Fig[4.35. The design is compact and occupies anairasound 01 mn?
(520x 200um?). Around 75 % of the silicon area is occupied by the pass istors The
remaining 25 % of area is used by the error amplifier, sensidgcampensation network,
R-C filter, and substrate connections (guard-rings).

Figure 4.35: Layout of the linear voltage regulator employing a z&fg-
transistor as a pass device.

The voltage regulator is also equipped with a bandgap weltaterence circuit. Its
dimensions are 1 mm 0.24mm. Therefore, the total area of the voltage regulator,
including this bandgap reference 88 mn?.
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4.9.2 Layout of thelPEET-based voltage regulator

The layout of the prototype LDO linear voltage regulator i@wn in Fig.[4.36. It
comprises of all the block&(C filter, error amplifier, compensation and sensing network),
apart from the bandgap voltage reference circuitry anddhe tapacitor which is meant
to be external.

Figure 4.36: Layout of the linear voltage regulator employingpachannel
transistor as a pass device.

The presented design of the LDO voltage regulator is verypamt with total area
less than @4 mn?. A major part, around 50 %, of the total silicon area is ocedyiy the
largee PMOS pass transistor. The error amplifier (16 %), teetimpensation and sensing
network (25 %) and and the contact to the bulk (9 %) comprisege¢maining 50 %.

4.10 Conclusions on the VREGO013 development

This chapter presents two prototypes of the linear voltagelators, the classical design
based on the-channe[ MOS transistor and the LDO circuit employing fitehannel
transistor as a pass device. Both circuits have been inesjat the VREGO013 chip
manufactured in the IBM 130 nm CMOS process.

The presented voltage regulators provide a stable and sigaply voltage of 2V
which can be used to supply the analogue front-end elecsani the futuré ABCN-13
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chip. Both architectures, one employing a z¥jpn-channel transistor in the classical
source follower configuration and the othep-ghannel transistor in the common source
configuration, allow a very low dropout voltage of 100 mV ar@n®v to be obtained,
respectively.th This translates to a significant increaséhe power efficiency of the
regulators. The irradiation tests of the VRAGO013 chip do ndtilst any noticeable
performance degradation of the regulators, if a stableeateeference voltage is applied.

However, there are two issues which have been discoveredgdtire tests of the
prototype chip. Firstly, the reference voltage providedhwy integrated bandgap circuit
is too low and it varies with the TID. The measured valuevVggg is 40mV lower
than expected and changes by 6 % during the irradiation. froiklem will be solved
by replacing the existing bandgap circuit by a block whichmisre radiation tolerant.
Secondly, the measured output resistance is higher thaectgfrom simulations and
this affects the performance of the regulators by increptfie load regulation parameter.
A major part of this resistance comes from the parasitic elgsmon thé PCB and will
not be an issue when the regulators are integrated on thed@mas the analogue read-
out electronics. It is also possible that the models usedhensimulations have some
limitations and do not allow for correct estimation of thejmut resistance. Thus, some
further studies of the power distribution on the layout arateiling are needed.
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Summary

The development of the new powering scheme for the frontedetronics is a key aspect
of the futurel ATLAS detector upgrade because is affectsctliréhe performance and
research potential of the upgraded detector. Extensiwiestun this field have been
ongoing for the last few years. This dissertation preseetsgiis of four integrated
circuits, which are foreseen to be used in the consideredepog schemes. The
developed circuits are: switched capacitor DC-DC step-ulsaéep-down converters, and
two linear voltage regulators, a classical architectuiaguan[NMOS$ transistor and an
[LDOlemploying d PFET as a pass device. The step-up convertieorge of the voltage
regulators are planned to be used in the serial poweringrsesherhile the step-down
converter has been designed to be implemented in the garaiering scheme.

All discussed circuits have been designed and manufactarede [I[BM 130 nm
process. Their required specification is to a large @eglietated by the
specific environment expected in the future detector, thagptesented circuits must be
characterised by a very high power efficiency and good radidblerance. In order to
meet these requirements the design phase must be precedechigful analysis of the
power budget in each of the proposed circuits. Good radiatierance of the design can
be achieved by employing special design techniques.

The radiation tolerance is a crucial issue, so the behawbtine various types of
transistors must be well understood. The future read-oig whil operate in a very
high radiation field. Thus, it was necessary to perform thmadiation tests of the
semiconductor structures manufactured in the techndognech are the main candidates
for the electronics upgrade. The dedicated test struchaes been irradiated and tested
at room temperature, and their intrinsic radiation toleeahas been compared. It has
been proven that radiation resistance of the 1BM 130nm CMOSiéxjaate to meet
the requirements for the front-end electronics upgradethEuirradiation tests at low
temperature are scheduled for the near future. The condsigiresented in Chapter 2
have been taken into account in the designs presentedndtesidissertation.

The design of the switched capacitor DC-DC converters ptedeim Chapter 3
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has been driven by the power efficiency. Both discussed tir@re planned to be
integrated on the futufe ABCN-13 read-out chip. Special ersigshzas been put on the
reduction of power losses occurring in the switching MOSEEThus, the converters
are characterised with very high power efficiencies, 85 % @h% for the step-up and
step-down converter, respectively. As a result the outpltages obtained from the
power converters are very close to the values required bgélen specification. The
impact of the parasitic inductance of the bond wires on théopmance has also been
taken into account. The use of interleaved pads and triglétnansistors allowed for

a significant reduction of switching noise observed at thgwu The poor quality of

the output voltage can be further improved by applying on¢hef methods proposed
by the author in the conclusions to that chapter. The postiimtion degradation of the
converters’ performance is clearly visible, but fully aptable. Further improvement of
radiation tolerance can be obtained by implementing eedigate geometry layout of the
large switches. It is worth mentioning that the next genenatf the step-down converter
is under development and will be used in the design of thergkwersion of thé CBIC

readout chip for the_ CMS tracker upgrade [106]. This would lgwad opportunity to

verify the converters’ behaviour on a fully bump bonded chip

The linear voltage regulators discussed in Chapter 4 arashstages of the powering
chain in the serial powering scheme. Both designs are ableawde a stable and
clean voltage supply for the analogue electronics ori the ABGMhip. In the thesis
two different architectures have been presented. Duriagtbtotype testing the correct
functionality of both the voltage regulators has been shoey fulfill the requirements
concerning the level of the output voltage, output curramige and voltage regulation.
Both architectures allow for very low values of the dropouttage which result in
significant reduction of power losses and high power effigyenAlthough the overall
performance of the voltage regulators is good, the behawbthe bandgap circuit has
been found to be a serious limitation. The low value of thenefce voltage is a result of
poor current drive capability of the bandgap circuit. Tisisue can be fixed by adjusting
the resistor values in the sensing network. During the iatazh tests, it was discovered
that the reference voltage changes with the Total lonizingeDcausing output voltage
fluctuations. It has been concluded that in order to provédpiired output voltage the
bandgap circuit must be improved or replaced by a designlvétter radiation tolerance.

In the context of the ATLAS Inner Detector upgrade projechgnehallenges present
themselves for the development of the new front{end ASICerowg scheme. The work
presented here demonstrated that it is possible to implemgh performance on-chip
power converters and linear voltage regulators compatiile demanding requirements
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of high power efficiency, good radiation tolerance and madiradditional external
components. These building blocks create a foundation wganh future powering
systems in the’ATLAS experiment will be built.
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